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PREFACE 


Ted purpose of this book is to provide a teict-book on the 
principles of alternating-current machineiy which thoroughly 
treats the subject and which may at the same time be adapted 
to almost any type of course. It is best suited for students who 
already have a good training on the principles of alternating- 
current circuits. 

The book is so constructed that the best engineering students 
should have little, but it is hoped some, difficulties in understand¬ 
ing certain parts. The average student will have the usual 
difficulties, but a book that leaves nothing for the students or 
for the instructor to do isihardly a text-book. It is felt that a book 
containing a few himdred pages to think about is a better training 
book than one containing a thousand pages of information readily 
understood by all. It is hoped that this is more of a training book 
than a mere information book. 

Throughout the book emphasis has been placed on the analysis 
of the performance of the machines. Lengthy descniptions of 
the construction of machines have been avoid^ for it was felt 
that such information should be obtained from technical journals 
or technical literature furnished by the manufacturing companies. 

Since there are few Tei)etitions in this book it is desirable to 
read it in the order in which it is written. Explanations are given 
for everything, but one who reads it may sometimes be required 
to refer back*to previous articles. 

The problems at the end of nearly every chapter are designed 
with the idea of illustrating the principles of operation of 
alternating-current machineiy. The problems are not ridicu¬ 
lously simple which unfortunately is the case in many text-books. 

The problems in Chapter XX which are to be solved in the 
machinery laboratory may be adapted to any equipment. The 
problems are so designed that failure to obtain a solution of a 
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problem in a given laboratoiy period results in the reaesignment 
of the same problem on the following period. It is hoped that the 
student is required to locate and remedy any difficulties he experi¬ 
ences in solving these problems. It is also hoped that the student 
solves none of these problems as a mere “stunt” to be accom¬ 
plished at as great a speed as possible. 

The articles on armature reaction, pa^el operation of alter- 
natois, sin^e-phase motors, and the phase balancer contain 
abstracts taken from the original notes on altemating-cuirent 
machinery by Dr. Harold Pender. 

The material in this book in note form has been used in the 
author’s classes for several years. 

R. E. Bbown 

PHniADKfHU, Pa., 

August 29, 1927. ^ . 
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ALTERNATING-CURRENT MACHINERY 


CHAPTER I 

ALTERNATmG-<;TrRKHTT “raEORY 

1. latroduction.—The treatment of altemating-cuirent ma- 
ohinery given in this book assomes a knowledge of the elementary 
principles of alternating-currents. For convenience of reference, a 
sununary of the dementary principles reqjiired in a course 
on machinerygiven in this chapter. (For a thorou^ laeat- 
m^t of the principles of alternating-currents, the reader is referred 
to Dr. Fender’s second volume of “ Meotricity and Magnetism for 
Engineers ” MoGraw-HUl Book Co.). 

2. Altemating-corrent Waves.—^An alternating-current varies 
continuoudy with time from a maximum value in one direction to 
a madmum value in the opposite direction, and back again to the 
same maviTniiTn value in the first direction. 

In Fig. 1, the successive instantaneous values of an altemating- 
ourrent are plotted as ordinates against time as abscisses. The 
wave shown in thin diA£rrA.Tn is symmetrical; that is, the top half 
and the bottom half of the wave form are identical. 

3. General Definitions.—^The following definitions are stated 
in terms of current, but are equally applicable to any other 
alternating quantity. 

Period.—^The period of an altemating-ourrent is the time 
required for the current to pass throu^ a complete cycle of 
positive and negative values. In Fig. 1, a complete period is repre¬ 
sented by T seconds, 2ir radians, or 360 degrees. 

Frequency.—^The frequency of an altemating-ourrent is the 
number of complete periods in a second. The frequency / is 
expressed in cycles per second. 
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The relation between the frequency and the period is 


f-} 


a) 


CuRont 


Phase.—The abscissa of any point on a wave form is osilled 
the “ phase ” of the ordinate at this point, referred to the origin 
of the system of co-ordinates employed. The phase of the ordinate 
Q-P in Fig. 1 is the distance 0-^. 

Instantaneous value.—^Xhe instantaneous value of an alters 
nating-cuirent is the value of the current at any instant. 

mrarlmiiTTi vslue.—^The Tnaviminn value of an altemating-cup- 
rent is the greatest instantaneous value 
during a complete cycle. 

Average value.—^The average value 
of an altemating-ourrent over a com¬ 
plete oyde is zero. The term average 
value is used, however, to denote the 
average ordinate of a portion of the 
wave form (usually between two zero 
values). 

B..M.S. value.—^The r.m.s. value 
of an alternating-current is the square 
root of the mean of the squares of the instantaneous values over 
a complete cyde. The mathematical expression for the r.m.s. 
value of the current is 



Fig. 1. —^Alteniatmg-oiiireat 
Wave 


E.M.S. value < 






( 2 ) 


The r.m.s. value of the current in a circuit is determined by 
the indication of an ammeter. Similarly, the r.m.B. value of a 
voltage is determined by a voltmeter. 

Form factor.—^The ratio of the r.m.s. value of an alternating- 
current to its average value is called the form factor. 

It D>a. 


Form factors 


( 3 ) 


Crest faictor.—^The ratio of the maximum value of an alter- 
nating-cument to its r.m.B. value is called the crest factor. 

I«m. 



atNUSOlDAL QUANTtnES 


S 

» 

4. Sine-wave Quantities.—^Practically all modem aro. geiter- 
ators are so des^ied that they generate electromotive forces 
which, to a dose degree of approxinaation, vary sinusoidally with 
time. The usual circuit calculations having to do with steady 
state conditions in a-c. circuits are therefore based on the assump¬ 
tion that the voltage appisK;!..-to the circuit is a sinusoidai 
quantity. 

The wave shape of the current ddivered by a generator depends 
on the wave shape of the voltage generated and on the value and 
variation throu^out each cyde, of the equivalent resistance, 
equivalent inductance, and equivalent electrostatic capacity of the 
complete circuit to which the generator is oormected. If the 
equivalent resistance, inductance, and capacity are absdutely 
constant, a sinusoidal voltage produces a sinusoidal current. This 
is the condition existing approximatdy in a-c. machinery cir¬ 
cuits; especially is this true when the machines are operated at 
rated load. 

A sinusoidal electromotive force of the form 

e=Emia sin at (5) 

acting on a circuit of constant so-called constants produces a 
current of the form 

i=>Jmax. sia (atztB) (6) 

where 

instantaneous value of the e.m.f.; 

Eatx = maximum value of the e.m.f.; 
instantaneous value of ciuxent; 

ImAK* =maximum value of current; 
radians; 

t=^e time in seconds referred to the first ascending 
zero value of the dectromotive force; 
and 9=:the phase difference in radians between the first 
ascending zero values of the e«m.f. and the current. 
Ihe value and sign of this phase diSerence 
depends on the kind of circuit. 

6. Relation Between Maximum and RJ1I.S. Values of Sinu¬ 
soidal Quantities.—If a direct-current of value I flows through a 
resistance r, the average power loss in the resistance over any 
interval of time is rP watts. Similarly, if an alternating-current 
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of the form i=T^.~ sin (<>><±0) flows through this resistaaoe t 
average power loss over a whole cycle is 


Average power losB=r 



T 

PtBSa. 


sin® ((d±6)dt watts 


( 


The value of the direct-current which produces the same avers! 
power loss as the altemating-current is colled the r.m.B. value 
the altemating-current; that is, the r.m.s. value of a sinusoid 
alternating-current may be expressed by the relation 





sin® (ut±B)di 



( 


A nimilftr relation exists between the r.m.H. value of u sinusoid 
voltage and the maximum value of the voltage, vis.. 




0 


6. Representation of Sinusoidal Quantities by Diagrams.- 
SinuBoidal quantities which have the same constant friHiuonc; 
may be represented by one of the methods illustrated in ; 
The majority of circuit calculations have to do with the relatioi 
between the r.m.B. values of sine-wave quantities and for th 
reason the method Fig. 2c in which the r.ni.H. valiu‘.s of siiui-wuv 
quantities are represented by stationary vectors is usually usu( 


Time 



7. Voltage Drop Across a Circuit Consisting of a Pure Resist 
ance of Constant Value.—If the n'sistaiKH* H of a tdreuit is ub.su- 










VOLTAGE CHOP ACROSS iNDtrOTiJSrCB $ 

lately oonstant and the induotanee and electrostatic capacity of 
the dromt are zero, current of the form 

t=V^sCn«* , (10) 

Jesuits hv ai' Voltage dk’op across'' the eircuit of the foet& 

V= Ri^BiVil) sin («<) (ll)' 

vrheie' scpreSentB the- maanmwYni value of the etJevsnt m the 
circuits 

Id this case the waveerepresettting l^e voltage'and the cturedi'i 
are both sine-waves and the two waves are in' phase. 

The r.m.B. value ef the veltage drep ooresB ther teasbaoee is 

V=RI (12) 

8. Voltage Drop Across a Circuit Consisting of a Pure Induc¬ 
tance of Constant Value.—If the inductance L of a circuit 
a constant value throughout a complete cycle of the current and 
there is no resistance or electrostatic capacity present, a current 
of the form 

t^V^/.sin ut 

in the circuit results in a voltage drop across the circuit of the 
form 

t)=L^=«L(v^J) sin (13) 

Putting •\/2^V=«L('s/2J), we obtain 

i>=-\/27sin;^<tfJ-|-|^ (14) 

Prom these relations it follows that a siimsoidal current through 
a pure inductance produces a sinusoidal voltage drop across the 

te rminals of the inductance and this voltage drop is ^ radians or 

90 degrees ahead of the current or the current lags the voltage by 
90 degrees. 

The r.m.8. value of the yoltage drop across the inductance is 
V=aLI<=XJ (16) 

where lft=2ir/£/ is called the inductive reactance of the circuit. 
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9. Voltage Drop Across the Tenninals of a Peifeci Condenser 
of Constant Capacity.—^The charge on a condenser of capacity C 
at any instant of time t may be caressed by the rdation 


q=Cv 

and the current throu^ it by the relation 


,dq_^ 


(16) 

( 17 ) 


If the current through’ the condenser is of the form 

i= "n/^I sin (w<) (18) 

the voltage drop across its terminals is 


-^ («t) = ^sin (19) 

Puttii^ \/2V — we obtain 

V - sin (20) 

It follows that the voltage drop across a perfect condenser of 
constant capacity is a sinusoidal quantity when the current through 
it is a sine-wave. The voltage drop lags the current by 90 degrees 
or the current leads the voltage drop by the same angle. 

The r.m.s. value of the voltage drop across the condenser is 


1 




( 21 ) 


where ^ called the condensive reactance of the drouit. 

10. Voltage Drop and Current Relations in a Receiving Circuit 
Consisting of Resistance, Inductance, and Capacity Connected 
in Series.—^The receiving circuit under consideration is shown in 
Eig. 3a. On account of the series connection the resistance, induc¬ 
tance, and capacity carry the same current. If the current is a 
sine-wave, the r.m.e. value of the voltage drop RI across the 
resistance is in phase with the current J; the drop oLI across the 
inductance is 90 degrees ahead of the current; and the drop 

^ across the condensOT lap the current by 90 degrees. 
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The resultant voltage drop across the oirouit is the vector sum 
of the drops across the resistance, the inductance, and the capacity 
(see Fig. Sb). The resultant drop may be expressed by the relation 

/=Vie*+^ (22) 

Where 

C28) 

is the equivalent inductive reactance of the circuit; 

(24) 

MU 


£ 


-4--VVV—'TroiP— 




■In (ot) 


(«) 



-&■! 


(t) 


FiO- 3.—^Ideal Series Circuit and Vector Diagram 


is the equivalent impedance of the circuit; 

and fl=coB“i^=tan~i^ (26) 

is the phase difference between the voltage drop and the current 
and is called the power factor angle of the circuit. 

11. Voltage Drop and Current Relations in a Circuit Consistiog 
of a Pure Resistance, Pure Inductance and Pure Capacity Con¬ 
nected in Parallel.—^In this case the voltage drops across the 
resistance, the inductance, and the capacity are always equal. If 
the voltage drop across the circuit is a sine-wave, the current 
throu^ the resistance is in phase with the voltage drop and the 
currents through the inductance and the capacity are 90 degrees 
displaced from the voltage drop as shown in Hg. 46. 

The resultant current in the line is the vector sum of the cur¬ 
rents in the three branches. That is 

y-vm^v-Tv 


(26) 
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Where 



is the equivalent conductance of this psrticulax oirouit; 



is the equivalent inductive susceptance; 


(27) 

(28) 

(29) 



'"wCV 



(o) (») 

Fid. 4.—Ideal Parallel Circuit and Vector Diagram. 


is the equivalent admittance; 

and 0=cos“ip=tan”i~ (30) 

is the power factor an^e of this circuit. 

12. Resonance in Series and Parallel Circuits.—In a series 
cLrouit like that shown in Fig. 3a^ the frequency, inductance, or 
capacity may be so adjusted lhat the total reactance of the circuit 
is zero. Under these conditions 


0 ) 1 /= 


<aC 


(31) 


and for a given impressed voltage the current through the circuit 
has its maximum r.m.s. value and the voltages across the induc¬ 
tance and the capacity are high, usually much higher than the 

* It should be noted that the conductance of a circuit carrying an alter- 

nating-Gurrent is usually not -r. The reader must keep in mind that the 

R 

circuit in Fig. 4 is an ideal parallel circuit and that equation (36) must be 
consulted for a perfectly general definition for the conductance of any a-c. 
oirouit. 
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total impressed voltage. This condition in the cirouit is 
resonance. 

Resonance may also be obtmned in parallel circuits. In a 
ideal parallel cirouit like that in Fig. 4a, resonance is obtaine 
when 

=« «<> (33) 


The line current under these conditions has a minimutn rjn.S. 
value and the currents through the inductance and the capacity 
exceed the line current. 

13. General Definitions of Equivalent Impedance, Resistance, 
Reactance, Admittance, Conductance and Sosceptance of a Circuit 
and the Relations between these Quantities.— 

Impedance (Z).—^The equivalent impedance of any arC. cirouit 
is the factor by which the r.m.B. value of the current must be miilti- 
plied in order to obtain the r.m.s. value of the resultant voltage 
drop in the circuit due to its resistance, inductance and capacity. 

The term equivalent impedance must not be confused with the 
leakage impedance of a transformer winding or the synchronous 
impedance of an a-c. generator. See Articles 48 and 86 in regard 
to tiiese impedances. 

Resistance (R).—The equivalent resistance of any a-c. cirouit 
is the factor by which square of the r.m.s. value of the current 
must be multiplied in order to obtain the total power in the circuit. 
The equivalent resistance is also the factor by which the current 
in the circuit must be multiplied in order to obtain the component 
of the voltage drop which is in phase with the current. 

The equivalent resistance must not be confused with the drcuit 
resistance as obtained by a d-c. resistance bridge. 

Inductive reactance (X).—^The equivalent inductive reactance 
of any arC. circuit is the factor by which the current in the circuit 
must be multiplied in order to obtain the component of the voltage 
drop which is 90 degrees ahead of the current. If the inductive 
reactance of a circuit is negative, the circuit is condensive and the 
component of the voltage drop due to its reactance lags the current 


by 90 degrees. 

The term equivalent reactaigc^-must not be confused with the 


leakage reactance of a tranefSro^eptiklthfi^q^fdu^ 
a generator. 

library 


ious reactance of 
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Admittance (T).—^The equivalent admittance of any a-c. idrcuit 
is the factor by which the voltage impressed on the drcuit must be 
multiplied in order to obtain the current in the circuit. 

Conductance (G-).—^The equivalent conductance of any arc. 
circuit is the factor by which iiie voltage impressed on the oirooit 
must be multiplied in order to obtain the component of the current 
which is in phase with the voltage. 

Lidnctive susc^tance (B).—^The equivalent inductive suscep- 
tanoe of any a-c. circuit is the factor by which the voltage impressed 
on the circuit must be multiplied in order to obtain the component 
of the current which lags the voltage by 90 degrees. If the induc¬ 
tive susceptance of a drcuit is 
negative, the drcuit is conden- 
sive and the component of the 
current due to the susceptance 
leads the voltage by 00 d^rees. 

Based on these definitions, the 
voltage and current components f 
Fia.6.—VoltaeoDrop—CuneatVect- any inductive circuit maybe 

of Diagmm Showing the Components represented by the vector diagnan 
of the Voltage Drop and the Current Kg. 6. (A Himilii.TdiftgisL'mTnA.y TTA 

drawn for a condensive circuit.) 
The following perfectly general relations are obtained from the 
diagram: 



and Y=\/GP+B^ (34) 

R 0 

^ y—COS d (35) 

X B 

• 2 =jr=sin $ (37) 



POWER IN SINQL&PHASE CIRCDIT 


From theae relations it may be sho^ that 

(1) The inductive reactance of a pure inductance is 

(+V2^) 

(2) The inductive reactance of a pure capacity is 

("■^) 

(3) The inductive suaceptance of a pure inductance is 

(4) The inductive suaceptance of a pure capacity is 

(-2^/CO 

(5) The conductance of a pure resistance is 

(D 

When L is expressed in henrys, C in farads, and R in ohms; 
then Z, B, and X are in ohms, and Y, O, and £ are in mhos. 

Equations (33) to (38) enable one to calculate the voltage and 
current rdations in ordinary series and parallel circuits. In series 
circuits the best procedure is to calculate the equivalent impedance 
and from it establish the voltage and current rtiations. In a. 
parallel circuit it is usually best to calculate the admittance of each 
branch and then proceed to determine the currents in the branches 
cf the circuit. 

14. The Average Power in a Single-phase Circuit—The rela¬ 
tions deduced in this article are for smusoidal voltages and currents. 
(For the more general relations which hold when the current and 
the voltage are non-dnusoidal quantities see Article 24 of this 
chapter.) Let the voltage across a circuit be 


i»=-\/2F sin (ari) 
and the current in this circuit 

t = \/^ sin ((i»i±0) 

The instantaneous power in the circuit is then 

‘p—m='\/2V-\/2I sin ui sin (wfi®) 


(39) 


(40) 


(41) 
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and the average power over a whole cycle is obtained by iutegiatiDg 
this expression over a whole cycle and dividing by the time T 
required for a cycle. This integration gives 

1 1 

I I 2FJain (uO sin (< 0 <± 0 )dfB>FJoo 8 0 (42) 

The average power in a sin^e-phase circuit is therefore equal 
to the product of the r.m.s. value of the voltage by the r.m.8. value 
of the current by the cosine of the angle 6. The factor cos B 
is called the power factor of the circuit. In general, the power 
factor of a circuit is defined as the ratio of the average power 
supplied to it (or by it) to the product of the current through it 
and the voltage across its terminals. 

16. Calculation of the Voltage Drop, Current, Power and 
Power Factor in Combined Series and Parallel Circuits.—To 
illustrate the method of calculations the combination of series 
and parallel circuits shown in Fig. 6 will be considered. The 


'© 



constants of the circuit and the impressed voltage and frequency 
are assumed as known, and are indicated by the proper symbols 
on the figure. 

The’problem is to obtain the current, power, and power factor 
^f the wbple cjrcpit. The procedure is to 

^^1^ tjM s^ies drouit 3 by a parallel circuit which at 
ifche given &^u^y ^ equivalent to the series circuit. 

(6) Replace the circuit 2 and the equivalent parallel circuit 
of 3 by an equivalent parallel circuit. 

(c) Replace the equivalent para^ in 6 by an 

equivalent series fjircmt. - .. .. . , 



parallel series circuit solution 
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(<Q Replace durcuit 1 and that foimd in c by an equivalent 
series circuit, and then solve for the current, power, and power 
factor. 

These r^lacements are made as follows: 

(a) Constants of the equivalent parallel drcuit of drcult 3.— 

_ _ ra 
r8®+®B* 

j. _ ®B 


(b) Constants of equivalmt parallel drcuit of 2 and 3 com¬ 
bined.— 

P2+8 =P2+P3 
62+8 = 62+^8 


(c) Constants of equivalent series circuit of 2 and 3 com¬ 
bined.— 


_ g2+3 

P®2+8+6®2+8 


8^+8 = 


62+8 

fl®2+8+6®2+8 


(d) Constants of equivalent series circuit 1, 2 and 3 com¬ 
bined.— 


•B=ri+r2+8 


Current— 

Power factor.— 


Power.— 


X=Xl+X2+S 


COB 0=—T=^== 

P=VI cos B 


16. Symbolic Notation.—Circuit calculations are usually made 
by the symbolic method. Briefly stated the method consists in 
resolving the vector quantities into components along two axes. 
Jhe symbolic expression for a vector quantity of the form 

7=ioo+i75 ( 43 ; 
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means that the vector V has a component of 100 units length in 
a positive direction along a given axis and a component of 76 units 
length in a positive direction along an axis perpendicular to the 
first axis. The letter J in (43) is used to designate the component 
along the latter axis. 

The numerical value of vector in (43) is 

F=Vl002+76* (44) 

and its phase angle with respect to the first axis is 

^^taa-i,3yv (45) 

j Operator.—The symbol j is used to indicate the real operation 
of rotating a given vector in a positive direction (counterclock¬ 
wise) throu^ an an^e of 90 degrees. Thus the quantity rep¬ 
resents a vector which is located 90 degrees ahead of the vector 
V and which has the same value as V. The quantity jjV repre¬ 
sents a vector 90 degrees ahead of the vector jV and is con¬ 
sequently 180 degrees ahead of the vector V. It follows that 
two operations of j on V results in a new vector equal to V but 
reversed in direction. If successive operations are represented by 
powers of j it follows that 

jjV=pV -7 

jjjV^j^r - jV 

jjjjV-=fV=V 

and that in accordance with this notation j — \/—1. This does 
not mean that y is an imaginary quantity for in reality in most 
oases the symbol y represents^ an entirely real operation. 

On this basis a vector of the form 

7= 7 cos fl-i-yT sin 6 

must be considered as made up of two components. One com¬ 
ponent consists of 7 lios B unit vectors and the other 7 sin 0 unit 
vectors turned through an angle of 90 degrees. The angle 8 is 
the angle between the actual vector and the unit vector. 

(Cos 4>'hJ Sin 0) Op^tor.—^When the symbolic expression 
of a vector of the form 

f = 7 cos 9+jV sin 6= 7e'* 
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is multiplied by the quantity 

cos 4>+j siu (see Demoivr^s theorem) (46) 
the symbolic expression 

7'=7 cos (^+«)+iFsm = 

for a new vector is obtained. 

The new vector and the original vector have the same lengths 
for it is readily shown that the square roots of the sums of the 
squares of their respective components are equal. However, 
the new vector is located 4> degrees ahead of the original vector. 
For these reasons the quantity cos 0+y sin 4> may be considered 
an operator which turns a vector in a positive direction of ^ degrees, 
but does not change the length of the vector. 

Impedance operator.—In any circuit the product of the 
equivalent resistance and the current gives the Component of the 
voltage drop which is in phase with the current and the product 
of the equivalent inductive reactance and the current gives the 
component of the voltage drop which is 90 degrees ahead of the 
current. If the current is selected as the reference axis the sym¬ 
bolic expression for the voltage drop referred to the current is 

y^RI+jXI^ {R+jX)I (47) 

The quantity iZ+yX is called the impedance operator or simply 
the symbolic expression for the impedance. The impedance may 
be represented by any one of the following forms 

(48) 

Where Z « is the numerical value of the impedance and 

Admittance operator.—^In any circuit the product of the 
equivalent conductance of the circuit and the voltage gives the 
component of the current which is in phase with the voltage. 
Similarly the product of the equivalent inductive susceptance 
of the circuit and the voltage gives the component of the current 
which lags the voltage by 90 degrees. If the voltage is considered 
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aa thB leferenoe vector the Eymbolio expresmon for the omrent 
referred to the voltage ia 

(4fl) 

The quantity 0-~jB ia called the admittance operator or amply 
the symbolic expression for the admittance. The admittance 
may to represented by any of the foUomng forms 

7=0-jB=Ye-i»^Y^-p (50) 

Where Y=V<3®+-B® is the numerical value of the admittance and 

jg 

j8=tan~^. 


Relation between 'Qie symbolic expressions for the equivalent 
Impedance and the equivalent admittance of a drcuii—By defini¬ 
tion, the equivalent admittance of any circuit is the redprocal 
of its equivalent impedance, tf a circuit has an equivalent 
resistance R and an equivalent inductive reactance X the syiu- 
boUo expression for the admittance of this circuit is 


.^_1 r 1 ■|2i:-jX_ R . X 
■ “Z” [R+3X\R-jX~R^+X^ 


(61) 


If the circuit consists of a number of parts in series, then 


and 


■B=ri+r2+r84-etc. 
X—iBi+aja+ass+etc. 


where ri, r 2 , ra, etc., are the equivalent resistances of the various 
parts of the circuit and xi, xs, xs, etc., the inductive reactances of 
the corresponding parts. 

Similarly if the equivalent conductance of a parallel circuit is 
G, and its equivalent inductive susceptance is B, then 

If the circuit consists of several branches in parallel, then 


and 


0~gi+ga+gs etc. 
B=6 i+&2+5s etc. 
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where gi, gt, ga, etc., are the equivalent conductances of the different 
branches of the circuit and bi, ba, ba, etc., are the equivalent induc¬ 
tive susoeptances of the branches. 

17. Solution of the Problem in Artlde 16 by tiie Symbolic 
Mettiod.— 

(a) Equivalent admittance of series circuit 3.— 

(b) Equivalent admittance of parallel circuits 2 and 3.— 

Ya+a= (ga+ga) —j(ba+ba) =p3+8—jba+a 

(c) Equivalent impedance of the parallel circuits 2 and 3.— 

(d) Equivalent impedance of the whole circuit.— 

Z = (n+r2-t«) +j(xi -|-*24e) = R+jX 

Impressed voltage.—The impressed voltage on the circuit is 
assumed the reference vector, that is 

Y^V+jO 

Current.— 

I = (numerical value) 

Power factor.— 

cos fl=oos ^tan~^ 

Power.—The power is calculated by the usual method. 

P=VI cos 6 

The symbolic method for calculating the power by the com¬ 
ponents of the voltage and current is very confusing and should 
not be used. 

18. Polyphase Circuits.—Large quantities of a-c. power are 
always transmitted by polyphase circuits. Polyphase generators 
and motors are better and (Reaper than sin^e-phase machines of 
the same power and a polyphase transmission line (if the number 
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of phases is not too many) may be constructed 'with less material 
than a single-phase line transmitting the same power at the same 
line voltage. Generators and motors may be constructed for 
any number of phases but usually nothing is gained by making 
the number of phases greater than three and the same is true of 
pol 3 rphase transmission lines. For these reasons the generation, 
transmission and utilization of large quantities of arC. power is 
usually accomplished by a three-phase system. 

19. Voltage Drop, Current, and Power Relations in a Balanced 
Y-connected Three-phase Load .—A three-phase load is said to be 
balanced when balanced three-phase voltages (voltages having 
identical wave shapes and different in phase by 120 degrees) 
produce balanced line currents. 

A balanced Y-connected load is shown in Fig. 7a, and the 
relations between the r.m.B. voltages and r.m.s. currents are 

■ dJ 


© 


@ (a) (») 

Rq. 7.—^Y-oonnectod Load and Vector Diagram 



shown by the vector diagram Kg. 7b. (The double subscript 
method of indicating the positive sense of the voltages and cur¬ 
rents is used.) 

Line voltages and Y-phase voltagea.—^The line voltages may be 
expressed in terms of the Y-phase voltages by the relations 


and 


Vi'2' — Vl'0+ Vq2' r/ 

Fi'a' =* Ya'o"!" Vm* ^ 


F8'1'=F8^0+Foi' 


It may be shown by the vector diagram that the r.m.s. value of 
the voltage between any two Une wires is \/3 times the r.m.8. 
value of the Y-phase voltage. That is 


Fiina - 


(63) 
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Une coxreats and 7-pbase currents.—^From Fig. 7a it is evident 
that the r jn.s. value of the current in any line is equal to the 
rjn.s. value of the Y-phase current. That is 

June^/liiuiie (54) 

Power .—A balanced Y-connected three-phase load may be 
considered equivalent to three ain^e-phase loads across each of 
which the voltage is equal to line voltage of the three-phase source 
divided by the \/3- The total power delivered to a balanced 
Y-oonnected load is therefore 3 times the power in one Y-phase. 
That is 

cos ^pbuo (55) 

or 

P = 'N/SFunsTlUie COS dpuaia (56) 

Note in this expression that ^nua is the phase angle,between the 
Y-phase voltage and Y-phase current and not the an^e between 
the line voltage and the line current. 

Voltage drop current and power relations in a balanced A-con- 
nected three-phase load.—^The circuit and the corresponding 
vector diagram are shown by Figs. 8a and 86. 

VA' 


vu 

W (« 

Eio. 8.—A-oonnected Load and Vector Diagram 

Line voltages and A-phase voltages.—^From Fig. 8a, it is 
apparent that the line voltages are eqtial to the A-phase voltages, 
'l^t is 

Yu»=7pta« (57) 

Line currents and A-phase currents.—The line currents and the 
A-phase currents may be expressed by the following relations: 

Jaa' * I'a'i' "hZzV 




20 


ALTEHNAXOTO^MIEENT THEORY 


sad 


IsB' “ -^s'a' 4"-ft'i' 


Tleiag Fig. 8b it may be that the rjn.s. value of thd 

eurreat ia any line wire ia equal to times the run.s. current iu 
a A-phase. That is 

June* Var,i-w (68) 

Powier.—^Tbe total power ia 3 tmea the ^phaee power 

*■ ■ P ^ 3 V phon cos ffjflH nf iif 

or 

pea *\/3yIlmJlIw f 006 ^idlUO 

In this case diAAae i6 the phase angle between the A-phase voltage 
and the oorresponding A-phase current. 

20. Equivalent Y- and A-Circults.—^In most problems having 
to do with polyphase oirouits it is impossible to tell whether tKe 
circuits are connected in Y or A. The actual coimections of the 
circuits are usually not required, for every balanced A-connected 
circuit is equivalent to a certain balanced Y-^connected circuit 
and vice versa. Calculations involving three-phase circuits are 
usually carried out with the idea that the circuit is Y-connected. 
If the equivalent resistance and the equivalent reactance 
of a A-phase of a balance A-connected load are known it is 
possible to determine the resistance By and the reactance Xy 
of a Y-phase of a balanced Y-connected load equivalent to the 
A-connected load. 

The Y-phase resistance is obtained in terms of the A-phase 
resistance on the basis that the power loss in the Y-Ksonneoted load 
must equal the power loss in the A-connected load. That is 


or 


SByPnat— 372a 




( 61 ) 


The relation between the reactances is determined from the 
relation 
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21. Power and Power Factor Measurementa.— 

Singlo^luse.—^To determme the power and power factor of 
a ain^e-phaae circuit an am¬ 
meter, voltmeter, and watt¬ 
meter are required. One 
method for connecting the 
meters is shown in Fig. 9. 

If the current in the circuit 
is large and the voltage rela¬ 
tively Email, corrections must 




C ^ ] 


’Jw^ 

o' 

n 


¥ia. Q.—Conneotum of Metere for Measur¬ 
ing the Power in a Single-phaae Load 


be made for the voltage drops across the ammeter and the 
current coil of the wattmeter. The power factor of the load is 

Wattmeter reruling * 

VI 


cos &=■ 


Three-phase.—The average power in a balanced or unbalanced 
three-phase load may be measured by two wattmeters connected 
as shown in Fig. 10a. The instantaneous power mdioated by 
meter Wi is 

Pl = Ol'2'tll' 

that indicated by meter Wa is 

Pa'=«3'3'48' 

and the total instantaneous power indicated by the meters is 


Pl+P 2 =t'l' 2 'tU'+l' 8 ' 2 't 38 '= 0 l' 2 'il' 2 '+« 2 ' 8 '^a' 8 '+» 8 'l'^'l' 



PiQ. 10.—Ckmneotkm of Two Wattmeters for Measuring the Powea; in a 
Three-phase Load and Vector Diagram 


In other words the meters axe so connected that the sum of their 
indications is at all instants equal to the instantaneous power in 
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the three-phase load and the average power mdioated by the 
meters is necessarily equal to average power in the three-phase 
load. This is true regardless of whether the three-phase load is 
balanced or unbalanced. 

If the load is balanced and the phase rotation of the load 
voltages, is Fai' the vector diagram Rg. 105 is 

obtained. 

It foIlowB from Rgs. 10a and 105 that the average power 
indicated by meter Wi, is 

■Pi “Flf2'Ill' cos (30"4“^pli*a^ Fiinellioe COS (30“f"^pliaaB) 

and that indicated by meter W 2 is 

P2®= F3'2'/38' cos (30— t^phaflo) == Funpliiiie COS (30 —^pIum) (64) 

The sum of the meter indications is 

P— F iiiipZunB[cOS (30“}“^pluge)"4"COS (30 — ^ phM»] 

^^/SFiiiipZiiiio COS dpiian (0®) 

If dpuMo is greater than 60 degrees the power indicated by TTi is 
negative and must be subtracted from the indication of W 2 to 
obtain the total power in the load. The best way to determine 
whether the meter readings must be added or subtracted is to 
connect the meters symmetrically as shown in Fig. 10a. If under 
these conditions one of the meter readings is negative, the two 
readings must be subtracted to obtain the total power. 

22. Oscillograph.—The oscillograph is an instrument for 
studying the actual wave shapes and phase relations of the voltage 
and the currents in circuits. The essential parts of an oscillograph 
are shown in Rg. 11. A one-tum low-inertia galvanometer coil 
carries the current whose wave shape is to be determined. Any 
motion of the coil, usually called the vibrator, is registered by 
photographing the path of an intense beam of light reflected from 
a tiny mirror attached to the vibrator. The vibrator of an 
ordinary oscillograph may be made to record wave shapes of 
voltages and currents of frequencies as high as 1000 cycles per 
second. The natural mechanical period of vibration of a vibrator 
is approximately 10,000 cycles per second. 

Since the current capacity of a vibrator is approximately 
0.1 ampere, it is necessary, when a voltage wave is to be deter¬ 
mined, to connect in series with the vibrator a resistance (approx- 
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imately equal to the resistanoe of a voltmeter required to measure 
the r.m.8. value of the same voltage). Similarly, to determiae 
the wave shape of a heavy ourreat, a shunt must be used. 

To determine the correct phase relations it is necessary to 
mark the positive and negative terminals of the vibrator. A 
current entering the poative terminal and leaving the negative 
terminal is assumed to ^ve a 
positive throw of the vibrator 
(for example, a throw to the 
right in Fig. 11). The polarities 
of a vibrator are readily deter¬ 
mined by using a dry cell in 
series with a resistance and 
noting the deflections. 

23. Fourier’s Series.—^Any 
irregular wave varying con¬ 
tinuously with time and of con¬ 
stant wave shape and constant 
frequency may be resolved into 
a number of sine-waves whose 
frequencies differ by an integer 

multi^e of the fr^uency of the Partsof anOBoi^- 

irr^ular wave. If / represents lograph 

the frequency of an irregular 

wave the current at any instant of time measured on the irregular 
wave may be expressed by the series 



sin (wt+flO+Ja sin (2o»t-j-92)+-l8 sin (3a)t-l‘fl8) 

-t-l 4 sin {4oit+6i) -|- J6 sin (Swt-f Os) +etc.] (66) 
Where V^Ii ^ (c<)t+0i) represents the fundamental or “first 
harmonic” in the irregular current wave; is the maximum 

value of the fundamental; u = 2irf (the frequency / of the irregular 
wave and the fundamental are always the same); and 8i repre¬ 
sents a constant. The second term in the series represents the 
“second harmonic,” the third term the “third harmonic,” etc. 

24. Power in a Circuit in which the Voltage and the Current 
are Non-sinuBoidal Quantities.—^If the voltage drop in a part 
of a cirouit is expressed by the relation 


»=V^[7i sin (wi+fl'O+Va sin ( 2 wi+fl 2 ) 

+Vi sin (3«t-f e'i) -l-etc.] (67) 
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and the current in it by the relation 

t= sin sdn ( 2 <oi-t-fl 2 ) 

•j-Zj sin etc.] ( 68 ) 

the inatantaneous power ia the product of the two'@K]()^sion 8 
(tn) and the average value of the power over a oomplltte^cycle is 

P<=aViIi cos COB (ffa—ff'a) 

+TV 3 cos (flj— 0' j) 4‘etc. (69) 

The average power due to each pair of harmonics is independent 
of the other harmonics present. If any harmonic is absent in 
either the voltage or the current wave, ^e average power due to 
that harmonic is zero. 

26. R.M.S. Value of a Non>sinusoidal Wave.—The r.m.B. 
value of non-smusoidal wave is obtained by finding the square 
root of the average square of its instantaneous values over a 
whole cycle. The r.m.s. values of the voltage and current waves 
represented by equations (67) and ( 68 ) are 

F- y/V?+~V?+ Fa^+etc. (70) 

and 

Z=Vl?+P+i?+etc; (71) 

' 26. Chirrent 'Produced by a Non-smusoidal Voltage.—The 
wave shape of the current produced by an irregxilar voltage wave 
depends on the constants of the circuit. If a circuit consists of 
a pure resistance of constant value an irregular voltage wave 
produces a current wave of identically the same shape. This is 
not true when the circuit contains a pure inductance or a pure 
capacity. The reactance of an inductive circuit having a constant 
inductance depends on the frequency and for this reason the 
hi^er harmonics in the current wave are suppressed with the 
result that an irregular voltage wave produces a less irregular 
current wave. In a condensive circuit the reactance becomes 
less as the frequency is increased and an irregular voltage wave 
produces a more irregular current wave. 

27. Fisher-Hmnen Method of Wave Analysis.—Pig. 12 repre¬ 
sents one cycle of an irregular wave in which the harmonics are 
to be determined. 



WAVE ANALYSra 


25 


Analysis for tiie nfh haimooic.—In order to deteimine the 
nth hannonic the following steps must be taJcen: 

(1) Divide one wave length of the irregular wave into n equal 
parts and erect ordinates at the points of division. For the sake 
of illustration the wave ^own in Fig. 12 is divided into three 
equal parts (n=3), the starting point is at 0 where the ordinate 


-aeoi-► 



Feo. 12.— ^AnalysiB of an Irregular Wave 

is zero; the nert point of division is at A where the ordinate is 
positive and equal to AP, and the last point at B where the 
ordinate is negative and equal to BQ. 

(2) Determine the algebraic sum of the ordinates erected at 
these points of division. In the illustration the algebraic sum is 
(0+AP-BQ). 

The algebraic sum of these ordinates may be expressed by the 
relation 


jS=»(AB+Aa»+A8«+.4,4n+eto. algebraic sum) (72) 
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Where An represents the ordinate at any of the points, 0, A, or B 
due to the harmonic, A^n ia theordinate at any of these points 
due to the 2nth harmonic, etc. 

Any harmonic which is not an integer multiple of the nth 
>in.rinf>Tiin contributes nothing to the algebraic sum of the ordinates 
at the points of division. Thus, if an anals^ is made for the 
third liwmioTiic , the algebraic sum of the ordinates due to the 
harmonics whi(^ are not an integer multiple of the 3rd is 


FiEsin 9i+sin (6^+120)+Bin (®i+240)]+ 

F 2 [sin fe+fidn (fti+240)+sin(ft,+480)]+ 

74[sin tfi+am (tf4+480)+sin (94+960)]+ 

FsEsin 9«+Bin (98+6(K))+sm (96+1200)]+ 

F 7 [sLq 97+sm (97+840)+Bin (97+1680)]+ 

F8[Bm 98+Hm (98+960)+sm (98+1920)]+eto.“0 (73) 

where Fi, F 2 , F 4 , etc. are the maximum values of the harmonics. 

(3) Erect another set of ordinates spaced 90 degrees of the 

nth harmonic degrees of the fundamental^ ahead of the 

ordinates obtained in 1. In the illustration these ordinates are 
CB, DS, and ET. 

(4) Determine the algebraic sum of the ordinates obtamed in 
3. In the illustration this sum is S'=CR+D8—ET. The 
algebraic sum of the ordinates may be expressed by the relation 

5'=n(Pn+Sa,+Bj,+etc. algebraic sum) (74) 


where Bn represents the ordinate of the nth harmonic at any of 
the points of division, C, D, or E, and Bm represents the ordinate 
at any of these points due to the 2nth harmonic, etc. 

Here again the hannonios which are not an integer multiple 
of the nth harmonic contribute nothing to the algebraic sum of 
the ordinates. 

It is evident from equations (72) and (74) that in order to 
determine the ordinates of the nth harmonic at the points of 
division it is necessary to determine, first, the ordinates of the 
2nth, 3nth, 4nth, etc., harmonics. For this reason an irregular 
wave is always analyzed first for the highest harmonic which is 
likely to be present. 
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(5) If the algebraic sums of ^sii+.^ 3 ii+-^te+eto., and 

^aii+£s»+^ 4 ii+etc., are known, it is easy to detennine by equ&< 
tions (72) and* (74) the ordinates AL» and B» of the nth harmonic. 
From Fig. 12 it is evident that these ordinates are 

i.»=> F, sin On (76) 

and 

5,= F* sin (^«+90) « F, cos (76) 

From these rdations it follows that the maximiim value of the 
nth harmonic is 

Vn^VAn^+Bn^ (77) 

and that 

fl«=tan-i^ (78)’ 

where On is considered positive when it is measured to the left of 
the origin 0. 

DetennJnatlon of the fundamental.—^After the higher har¬ 
monics have been determined it is comparatively easy to find the 
marimum value and the phase relation of the fundamental. 

At the point 0 of the irregular wave the algebraic sum of the 
ordinates of all the harmonics is zero. That is 

A.i-)-A.2-|-A3-|-etc.=0 (79) 

where Ai represents the ordinate of the fundamental at this point. 

At the point F, located 90 degrees ahead of 0, the ordinate is 
equal to the algebraic sum of the ordinates of all the harmonics 
at this point. That is 

•C'i+C2+C8+etc.=Fl7 (80) 

where Ci represents the ordinate of the fundamental at this point 
and the ordinates Ca, Ca, etc., must be calculated from the known 


harmonics. 



Now 

AioFisin 01 

(81) 

and 

Cl — Fi am (0i-h9O) * Fi cos 0i 

(82) 

Therefore 

Fi = \/2?+^ 

(83) 

and 


(84) 



28 


ALTERNATING-CURRENT THEORY 


RROBLSMS 

1. A curreait of ihe form i * 100 sin (3774 +1.6) flows in a given dromt 
[the an^e (3774 +1.6) is e^^ressed in radians when 4 is expressed in seconds], 
‘(a) Plot one complete oyde of the wave, (b) Determine: (1) the frequency 
of the current; (2) the period of one oyde; (3) the maximum value of the 
current; (6) lie average value of the current for a half oyde; (6) the crest 
factor; (7) the form factor; and (8) the phase of the first ascending zero value 
of the current referred to the origin of time, (c) Determine the equation for 
the instantaneous current in which the an£^ is e^ressed in degrees instead 
of radians. 

2. Thirty-six equally spaced ordinates (10 degrees apart) of a 26-cyde 
current wave have the following values: 


lo 

0 00 

tlio 

0.7 

taso 

- 7,18 

ilo 

+ 3 84 

ti40 

- 2.16 

taro 

- 7.33 

iao 

+ 6 93 

ilM 

- 3 48 

taso 

- 6.78 

ito 

+10.76 

iiflo 

- 2 60 

taso 

- 3.91 

iio 

+16 72 

il70 

- 0 77 

t|00 

- 3.87 

Uq 

+20 07 

ilBO 

- 0.68 

t'aio 

- 6.62 

Uo 

+21 33 

ilto 

- 3 38 

tiao 

-10.1 

»70 

+18.42 

tsoo 

- 7 39 

taio 

-11.74 

tso 

+13.0 

taio 

-10 07 

t840 

- 9.76 

tM 

+ 8.01 

taso 

- 9 90 

tiio 

- 6.06 

iioo 

+ 6 32 

taio 

- 7.81 

tiflO 

0.00 

tiio 

+ 4.37 

ta40 

- 8 11 



iiso 

+ 3.19 

taso 

- 6 16 




Plot the waves on a large sheet of cross-seotion paper (see Problem 24) 
and determine: (a) the r.mjs. value of the current; (b) the average value of 
the current; (c) the crest factor; and (d) the form factor. 

8. A sinusoidal electromotive force of the form e >■ 120 sin (3774) acts 
around a dosed circuit of which the resistance is 3 ohms and of which the 
reactance is sero. (a) Write an equation for the instantaneous current in 
the circuit, (b) Determine: (1) the phase diflereme between the e.mi. and 
the current; and (2) the frequency of the e.mi. 

4. An e.mi. of ihe form e « 120 sin 2rfl acts in a coil which has its termi¬ 
nals connected together. The deotrio circuit of the coil has a self-inductance 
of 0.2 heniy and has no appreciable resistanoe or oapadty. The power loss 
in the magnetio drouit of the coil is negligible, (a) Write an equation for the 
instantaneous current in the coil, (b) Determine: (1) the phase diflerence 
between the e.nLf. and the current; and (2) the power factor of the coil. 

6. An e.m.f. of the form e = 120 sin 2rfi acta around a circuit consisting 
of a perfect condenser having a oapadty of 42 miorofaTads. The resistance 
and the inductance of the drouit are negligible, (a) Write an equation for 
the instantaneous current in the dromt. (b) Determine: (1) the phase 
difference between the e juJ. and the current; and (2) the power factor of the 
condenser. 




FEOBLEMS 

6. A ouTPent of lihe form t » 86 Bin + 
coil has an equivalent reaistanoe of 6 ohms 
reactance of 2 ohms, (a) Write the equation 
drop across the terminals of the coil. Determine the power factor of the 
coil, (c) Construct a complete vector diaipram showing the impressed 
voltage, the RI drop, the XI drop, and the current in the coil. 

7. The instantaneous voltage dr(^ across the tenninaJs of a 42*miarofarad 
condenser is 

V »= 100 sin (^ft — 

The power loss in the condenser is 30 watts. The frequency is 60 cydes. 

(a) Write the equation for the instantaneous current through the condenser. 

(b) Calculate the power factor of the condenser, (c) Construct a vector 
diagram showing the voltage drop and the current. 

8. An aiiHsore coil is connected to a 110-volt (r.m.s. value) 60-cyde supply. 
The line current is 2.80 amperes (rjn.s. value) and the power loss in the coil 
is 86.2 watts, (a) Calculate the equivalent inductance of the coil, (b) Cal¬ 
culate the power loss in the coil when the impressed voltage is 110 volts and 
the frequency 30 cydes. (c) What assumption did you make in part (b)? 

9. A 100-microfarad condenser is connected to a 110-volt OO-oyde supply. 
The power loss in the condenser is 60 watcs. Calculate: (a) the charging 
current; (b) the leakage current; and (c) the power factor of the condenser. 

10. An am-core reactor having a constant effective reaistanoe (equivalent 
a-c. resistance) of 2 ohms and a constant sdf-induotance (equivalent induct¬ 
ance) of 0.0 henry is connected in series with a perfect condenser having 62 
microfarads capadty to a 100-volt (r.m.s. value) constant voltage supply, 
(o) Plot a curve'showing the relation between r,m.B. values of the line current 
and frequency, (b) Wliat is the Tnaximum rjn.B. value of the cunent and 
at what frequency and power factor does it occur? (d) Draw a complete 
voltage drop-current vector diagram for the frequency at which the current 
has the TYin.iriTnnTn r.m.s. value. 

11. The reactor and the condenser in Problem 10 are connected in paralld 
to a 100-volt constant voltage a-c. supply, (a) Plot a curve showing the 
rdation between r.m.s. values of line current and frequency, (b) At what 
frequency and what power factor is the r.m.B. value of the line current a 
minimum? (c) Draw a complete voltage drop-current vector diagram for 
the frequency at which the line current has the Tninimum r.m.B. value. 

12. The following measurements were made on a single-phase 9 irouit of 
which the equivalent resistance, inductance and capadty are unknown; 


1) 




Voltage 

Frequency 

Current 

Power 

110 

d-c. 

0 


0 

110 

. OO-cycles 

8.95 amps. 

80 watts 

110 

69 

110.00 

(max. current) 

12,100 

110 

80 

8.56 


73.2 



1 

. 621 

lISc 

Lib B'lore 

" I* 

' > 

1.3133 N27 
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PEOBIiEMS 

1. A ouiMnt of the form i =■ 100 am (877i + 1.6) flcxsre in a given oirouit 
[the angle (3771 + 1.5) is es^reesed in radians when t is escpressed in seoondsj. 
(a) Hot one comidete cycle of the wave. (6) Determine: (1) the frequency 
ci the current; (2) the period of one oyde; (3) the inaximum value of the 
ouTient; (5) average value of the ourrent for a half cyde; (6) the crest 
factor; (7) the form factor; and (8) the phase of the first ascending zero value 
of the current referred to the origin of time, (c) Determine the equation for 
the instantaneous ourrent in which the ang^ is expireaaed in degrm instead 
of radians. 

2. Thirty-sk equally q)aoed ordinates (10 degrees apart) of a 26-cyde 
ounent wave have the following values: 


to 

0 00 

<110 

0.7 

<160 

- 7.18 

ilo 

+ 3 84 

<140 

- 2.16 

<170 

- 7.33 

iso 

-f- 6 93 

<110 

- 3.48 

<180 

- 6 78 

4io 

4-10 76 

<160 

- 2.60 

<100 

- 3 91 

i 40 

4-16 72 

<170 

- 0.77 

<100 

- 3.87 

Hfl 

-1-20 07 

<160 

- 0.68 

<110 

- 6 62 

iflo 

-h21.33 

<190 

- 3 38 

<110 

-10 1 

<70 

4-18.42 

<100 

- 7 30 

<160 

-11 74 

<80 

-1-13.0 

< fI 0 

-10.07 

<140 

- 9 76 

<00 

4- 8.01 

<110 

- 9.90 

<160 

- 6.06 

<100 

H- 5.32 

<180 

- 7 81 

<160 

0.00 

<110 

4- 4.37 

ts 40 

- 6 11 



<1 X 0 

+ 3.19 

<160 

- 6 16 




Plot the waves on a large sheet of croas-seotion paper (m Problem 24) 
and determine: (a) the r.m.s. value of the ourrent; (b) the average value of 
the current; (c) the crest factor; and (cQ the form factor. 

8. A sinusoidal electromotive force of the form e » 120 sin (3771) acts 
around a dosed circuit of which the reostanoe is 3 ohms and of which the 
reactance is zero, (a) Write an equation for the instantaneous current in 
the drouit. (h) Determine: (1) the phase difiTerence between the e.m.f. and 
the current; and (2) the frequency of the &iQ^f. 

4. An e.mX of the form e » 120 sin 2tfi acts in a coil which has its termi¬ 
nals connected together. The electric circuit of the coil has a self-inductance 
of 0.2 henry and has no appreciable resistance or capacity. The power loss 
in the magnetio circuit of the coil is negligible, (a) Write an equation for the 
instantaneous current in the coQ. (6) Determine: (1) the phase difference 
between the e.iiLf. and the current; and (2) the power factor of the coO. 

5. An e.m.f. of the form e « 120 sin 2rft acts around a drouit conaistiiig 
of a perfect condenser having a oapadty of 42 microfarads. The resistance 
end the induotance of the circuit are negligible, (a) Write an equation for 
the instantaneous current in the drouit. (&) Deteixoine: (1) the phase 
difference between the e.iiLf. and the ciurent; and (2) the power factor of the 
condenser. 
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6. A current of the form t — 85 ain , 

coil has an equivalent reaistanoe of 5 ohms and^^aq^q 
reactance of 2 ohms, (a) Write the equation for the 

drop across the terminals of the coil, (bj Determine the power factor of the 
oolL. (c) Construct a complete vector diagram showing the impressed 
voltage, the RI drop, the XI drop, and the current in the coiL 

7. The instantaneous voltage drop across the terminals of a 42-nuorofarad 
condenser is 


100 sin 




The power loss in the condenser is 30 watts. The frequency is 60 cycles. 

(a) Write the equation for the instantaneous current through the condenser. 

(b) Calculate tl^ power factor of the condenser, (c) Construct a vector 
diagram showing the voltage drop and the current. 

8 . An auMsore coil is connected to a 110-volt (rjcLa value) OO-cycle supply. 
The line current is 2.80 amperes (r.m.s. value) and the power loss in the 

is 80.2 watts, (a) Calculate the equivalent inductance of the coil, (b) Cal¬ 
culate the power loss in the coil when the impressed voltage is 110 volts and 
the frequency 80 cycles, (c) What assumption did you make in part (b)? 

9. A 100-miorofarad condenser is connected to a 110-volt 60-cycle supply. 
The power loss in the oondenser is 60 watts. Calculate: (a) the charging 
current; (b) the leakage current; and (c) the power factor of the condenser. 

10. An auMK>re reactor having a constant effective resistance (equivalent 
aro. resistance) of 2 ohms and a constant self-inductanoe (equivalent mduct- 
anoe) of 0.0 henry is connected in series with a perfect con d enser having 62 
microfarads capacity to a 100-volt (r.m.B. value) constant voltage supply, 
(a) Plot a curve showing the relation between r.m.B. values of the line current 
and frequency, (b) What is the maximum xjxns. value of the current and 
at what frequency and power factor does it occur? (d) Draw a complete 
voltage drop-current vector diagram for the frequency at which the current 
has the rnn.-giTmiTn r.m.B. value. 

11. The reactor and the oondenser in Problem 10 are connected in parallel 
to a lOQ-volt constant voltage ani. supply, (a) Plot a curve showing the 
relation between r.m.s. values of line current and frequency, (b) At what 
frequency and what power factor is the T.m.a value of the line current a 
minimum? (c) Draw a complete voltage drop-current vector diagram for 
the frequency at which the line current has the minimum r.m.B. value. 

12. The following measurements were made on a single-phase 9 iTcuit of 
which the equivalent resistance, inductance and capacity are unknown: 
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Voltage 

Frequency 

Current 

Power 

110 

d-c. 

0 


0 

110 

.60-oycleB 

8 05 amps. 

80 watts 

110 

69 

110.00 


12,100 



(max. current) 


110 

80 

8.fi6 


73.2 


''O 


lISc 
1.3133 N27 

Lib B'lore 


1 

llllllllllllll 



30 


ALTERNATmO-CniRIl^ THEORY 


(aj Determine the natoie of the drouit and the oonstants of the saine. 
(b) 'V^at aesumptionB did you make? 

18. An impedance of 4 + ohms is connected in serieB with an impedance 
of 10 + i2 ohms to a 120-volt a-c. generator having negligible impedance. 
Determine: (a) the symbolic expression for the impedance of the whole 
dicuit; (b) the symbolic expression for the admittance of the whole circuit; 
and (cQ the actual values of the equivalent impedance, equivaleat admit¬ 
tance, and the current. 

14u An impedance of 6 + j2 ohms is connected in parallel with an imped¬ 
ance of 2 — j6 ohms to a 75-vQlt aro. generator having negligible impedance. 
Determine: (a) the symbolic expression for the equivalent admittance of 
this circuit; (b) the symbolio expression for the equivalent impedance of the 
whole drouit; (c) the symbolio espressions for the currents in the different 
parts of the drouit; and (d) the numerical values of the currents in the differ¬ 
ent i>arts of the circuit. 

15* The following results were obtained from a test on a leaky oondeQser: 

Impressed voltage, 220 volts; 

Erequenoy, 68 oydes; 

Current input, 2 amps.; 

Power loss in the condenser 62 watts. 

(a) Calculate the values of a pure resistance and a pure capadty which 
when connected in series are equivalent (at 68 cycles) to the leaky condenser, 
(b) Calculate the values of a pure resistance and a pure capacity which when 
connected in parallel are equivalent to the leaky condenser. 

16. A pure resistance and a perfect coil are connected in parallel across a 
220-volt, OO-cyole supply. The current through the resistance is 14.6 amperes 
and that throu^ the coil 10.2 amperes. The total line current is 18.6 amperes. 
Calculate the frequency which would result in equal currents in the coil and 
the resistance. 

17. A reactor having an equivalent arc. resistance of 0.6 ohm and an 
equivalent inductive reactance of 6.2 ohms is connected in series with an Incan¬ 
descent lamp load having an equivalent redstanoe of 10.8 ohms and zero 
zeactazioe to a 110-volt, 60-cycile supply. Determine the capadty of a perfect 
condenser which must be connected in i)anillel with this inductive drouit to 
obtain unity power factor for the combined circuit. 

18. Two wattmeters A and B are connected symmetrically for measuring 
the power in a balanced three-phase load. The r.m.s. value of the line voltage 
is 220 volts; the ddtarphase power factor is 0.02 lagging; and the total power 
delivered (all phases) is 40 kilowatts, (a) Assume a phase rotation for the 
line voltages and determine the power indicated by each meter, (b) Detei^ 
mine the power indicated by each meter when the phase rotation is pppodte 
that assumed in part a. 

19. Two similar wattmeters are connected symmetrically for measuring 
the power in a balanced three-phase load. of the meters indicates 
8260 watts and the other 2730 watts, (a) Calculate the power factor of the 
load, (fi) Calculate: (1) the phase an^ between the delta-phase voltage 
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ftod the ddtarphaae canent; (2) the phase aii^e between the Y-phase voltage 
and the Y-phase current; and (3) the voltage between lines 1 and 2 and the 
current in line 1. (c) How many answers are possible in part (3) or (h)? 

20. A balanced Y-oonnected load and a balanced A-connected load are 
connected in parallel to a balanced three-phase supply. The Y-connected 
load has an equivalent Y-phase resiatance of 2.1 ohms and an equivalent 
Y-phaae inductive reactance of 1.6 ohms. The A-connected load has an 
equivalent A-phase lesistanGe of 3.4 ohms and an equivalent A-phase induc¬ 
tive reactance of 8.1 ohms. Calculate: (a) the constants of a Y-connected 
load which is equivalent to the two loads in parallel; (&) the constants of a 
A-connected load which is equivalent to the two loads in paralleL 

21. The total power input to a three-phase induction motor is 7540 watts. 
The motor operates at a line voltage of 440 volts and at a power factor of 
80 per cent lagging. Calculate: (a) the Y-phase voltage; (b) the A-phase 
voltage; (c) the Y-phase power; (d) the A-phase power; (e) the Y-phase 
power factor; (f) the A-phase power factor; (ff) the Y-pha^ current; (A) the 
A-phase current; and (i) the line current. 

22. The voltage applied to a circuit is of the form 


■105 sin +72 sin +31 sbx ^3"^+^^ 


and the current in the drcuit has the form 


f-37.5 sin 



+10.8 sin 



Calculate: (a) the r.m.s. value of the voltage; (b) the r.m.s. value of the cui^ 
rent; and (e) the power in the circuit. 

28. The voltage induced in one phase of a three-phase alternator has the 
form 

fl-211 sin (orf+tfi)+8.7 sin (3w«+«i) 

C^culate; (a) the terminal voltage on open circuit when the phases of the 
alternator are Y-oonnected; (b) the ratio between the r.m.s. value of the line 
voltage and the r.m.s. value of the Y-phase voltage; (c) the termiiud voltage 
on open circuit when the alternator is A-connected; and (d) the ratio between 
the rmi.B. value of the line current and the r.m.s. value of the A-phase current. 
Assume in part d that the line current has an r.m.8. value of 250 amperes and 
that the equivalent A-pha4e resistance and the inductive reactance (the 
reactance due to the fundamental frequency) are equal to 0.01 ohm and 3.8 
ohms respectively. 

24. (A) Ancdyze the wave specified in Problem 2 for all harmonica of a 
lower order than the 7th. 

(B) Write the equation for the instantaneous current. 



CHAPTER II 


TRANSFORMER CONSTRUCTION 

A transformer is a device used for raasing or lowering the 
voltage of an a-o. power supply without the use of mechanically 
revolving parts. In its simplest form it consists of two separate 
windings wound on a common laminated iron core (Fig. 13). 
Electrical power is transferred from the supply circuit to the load 
circuit through the medium of the magnetic circuit. The trans¬ 
former winding which is con¬ 
nected to the supply is called 
the primary winding, and the 
one connected to the load is 
called the secondary winding. 
Either winding may be used as 
primary or secondary, provided 
the windings are operated at 
TT 1 10-0 ,Z . I TiZr' the voltage for whidi they are 

former designed. The wmdmgs are 

sometimes designated as the 
hig}H)oUage winding and the hw^Uage winding. The ratio 
of the turns on the high-voltage winding to the turns on the low- 
voltage winding is called the turn ratio (see A. I. E. E. Standard¬ 
ization Rules). 

28. T^es of Transformers.—^Por a given weight of active 
material in a transformer the relative proportions of iron and 
copper depend on the type of core used. The transformer shown 
in Fig. 13 is known as a coredype transformer and that in Fig. 14 
as a sheVntype transformer. The main difference between the 
two types is that in the core-type construction the electric cirouits 
link the same iron magnetic circuit while in the shell-type con¬ 
struction the electric circuits are linked by several iron magnetic 
circuits. The core-type construction permits the use of a rela¬ 
tively small quantity of iron, but requires correspondingly more 
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copper than a Bhe]l-t 37 )e transformer, of equ^ rating. Both types r 
may be designed for high voltage, high capacity, and high 
efficiency. The windings on a core-type transformer are easier 
to insulate than those on a shell-type transformer, but the shell- 
type transformer is mechanically much stronger. For these 
reasons high-voltage testing transformers are usually of the core¬ 
type and when large quantities of power are to be transfomud the 
shell-type construction is preferred. 

29. Windings on Transfonners.— 

Core-^e (Fig. 15).—The hi^-voltage winding on a core-type 
transformer consists of a large number of separate coils connected 
in series and spaced by insulating 
spacers to permit the circulation 
of oil between the windings. The 

low-voltage winding is usually _ 

wound on a cylinder of insulating 
material and occupies the space 
close to the iron core. The hi^- 
voltage winding suiroimds the 
low-voltage winding and is separ 
rated from it by a cylinder of 
insulating material. 

Shell-type (Figs. 16, 17, 18, — 

19).—^Both high-voltage and low- 

voltage windings consist of pan- j-jq, 14.—Shell-type Tranaformer 
cake-shaped coils (Fig. 16) con¬ 
nected in series. This form of coil has a large surface exposed to 
the cooling medium and permits interleaving of the high-voltage 
and the low-voltage windings (Fig. 17). Fig. 18 illustrates how 
the coils are assembled and Fig. 19 represents a completely 
assembled ahell-tyi>e transformer. 

30. Transformer Insolation.—^The turns and the coils of a 
transformer must be thorou^y insulated from each other and 
from the transformer core. A failure in the insulation usually 
ruins the transfoimer and may endanger the life of the operator. 
Thus in Fig. 20, if the hi^-voltage circuit is grounded at a and 
the transformer insulation fails at h, a high-voltage may exist 
between c and the ground. A person in contact with any part of 
the low-voltage circuit might under these conditions receive a 
serious shock. 


Core 
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The proper desiga of the insulation of all hi^-^ltage machines 
presents many difficulties, due largely to the fact that the materials 
available for inmilatiTig purposes have uncertain characteristics. 



{By the cotarteay of iho Weaiinffboua§ Cot) 
Fia. 16.—Core-type Tranrformer 


Good insulation must have (1) hi gh dielectric strength, (2) hi gh 
mechanical strength, (3) high electrical resistance, (4) hi^ heat- 
resisting qualities, and (5) constant chemical composition. Mica 
is probably the best insulator known, but it has the 
characteristic of being brittle. There are very many insulating 
materials available and it is beyond the scope of this book to 
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deaoribe them in detail. It mi^t be said that most of theta axe 
far from ideal insulators. 

The insulation of a transformer winding usually occupies more 
space than the copper in the winding. In addition to the insula¬ 
tion, dpace must be allowed between the coils and the insulation 
for the drculation of the cool¬ 
ing medium. Both air and oil 
are used lor cooling purposes. 

Oil has an advantage in that 
it serves the double purpose of 
cooling' and insulating. The 
coils, insulation, and oil passages 
of a transformer are shown in 
Figs. 15 and 18. 

End turn insulation.—On 
account of the distributed car 
pacity and inductance of a 
transformer winding, the end 
turns (the turns nearest the 
'terminals) must be more 
thoroughly insulated than those 
in the body of the winding 
(see Fig. 21a). A given trans¬ 
former winding may be repre¬ 
sented by the circuit in Fig.. 

215. The electrostatic capacity 
between the successive turns 
and the core is equivalent to 
electrostatio condensers connec¬ 
ted between each turn and 

tho C0r6 oovrteay of the Weetinghouee Co.) 

la the discussion which fol- 16.-Pan«»l^I^Tiimitfopmer 
lows it IS assumed that imtially 

both the vTinding and the core are at ground potential. On this 
assumption when switch a is closed (b open) condenser will be 
instantly charged to the potential of line A. Condenser 2' vrill 
assume line potential later than condenser 1^, since the current 
required to charge this condenser must flow through the inductance 
of coil 1. Consequently during a short interval of time the full 
line potential will exist between turn 1 and turn 2, and the insula- 
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tion between these two turns must be designed accordingly. The 
same state of affairs occurs, to a diminishing degree, between the 
successive turns 2,3, etc. Siinilarly, if switch h is closed (a open), 
the insulation between turns 5 and 4 will be subjected to the 
potential of line B. Therefore the end turns of both ends of a 
high-voltage winding must have extra insulation. 

High-voltage transformer bushings.—^The windings of prac¬ 
tically all high-voltage transformers are immersed in oil and 
placed in moistme-proof tanks. Where the high-voltage leads 
-:- enter the tank special insula¬ 
tors are required (see 22a). 
Theinsulating bushing here rep¬ 
resented consists of alternate 
layers of insulation and tinfoil 
protected by porcelain insula¬ 
tors on the outside. The suc¬ 
cessive layers of insulation and 
tinfoil are equivalent to a large 
number of condensers connec¬ 
ted in series (see Fig. 22b). 
The lengths of the different 
layers are so proportioned that 
the condensers formed by them 
have equal capacities and any 





(b) 

Fia. 17.—Diogmins Showing Loca¬ 
tions wd Connections of Coils of a jpotentM difference between the 
Transformer. Coils a to a bdong to 
the Low-voltage Winding and Coils s 
to b to the High-voltage Winding 


transformer terminal and the 
tank is distributed equally 
among the condensers with the 
result that the insulation is stressed uniformly. A terminal of the 
same dimensions with the tinfoil omitted and homogeneous insula¬ 
tion substituted would probably fail, due to the hi^-voltage 
gradient in the vicinity of the conductor. Another type of 
bushing, not described in detail in this book, consists of an oil- 
filled porcelain cylinder surrounding a metallio conductor. 

31. Transfonner Cores.—^The core in a transformer forma a 
magnetic connecting link between the primary and secondary 
wiadings. Any transfer of power between the two windings must 
take plane throu^ the magnetic field in the core and for this 
reason the core must be so constructed that the transfer of power 
is accomplished with a small loss of power. On this basis it would 
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seem iihat oa tar-eoie transfoimfiir is ideal because the losses in its 
magnetio circuit are zero, but another factor must be taken into 
account. The magnetic flux required in a power transformer is 
very large and the ampere-turns necessary to produce this flux 



iBy the eowieav of Ota GanaraH Sledrio Co,) 
Fig. 18,—Aiaenibled Winding of a Shell-type Tranafonner 


in air would be excessive. For this reason cores for power trails- 
formers are always constructed of iron having a high permeability. 

The losses in transformer cores are due to eddy-currents and 
magnetio hysteresis. The eddy-currents are set up by induced 
e.m.f.’s acting around closed circuits in the core material. That 
iS| the core material may be considered as made up of an infinite 
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ntauber of dosed drcuits niTYii1ii,r to the secondary \nnding ciTcuit 



(Olf ffie oowimy cf ihs W^BttnghouM Co,) 
Fig. 19.—Shell-type Transformer 


of the transfoimer. Naturally 
the magnitude of the eddy- 
cuirentfl and the losses pro¬ 
duced by them depend on the 
electrical resistance of the 
material as well as on the 
construction of the core. A 
core made of hi^-resistance 
material haa a much lower 
eddy-current loss than a simi¬ 
lar core constructed of low- 
resistance material and used 
under siniilar conditions. That 
this is BO follows from the 
fact that the eddy-currents 
vary as some inverse function 
of the electrical resistance 
and consequently the losses 
produced by these currents 
which depend on the square 
of the currents must vary 
as some inverse function of 
the square of the electrical 
resistance. To keep the eddy- 
current losses small trans¬ 
former cores are always con¬ 
structed of laminated iron. 
The laminations are approxi¬ 


mately 0,0141 inch thick and the surfaces of the laminations are 
vami^ed so' as to form a hi^ electrical ^ ^ ^ 

resistance between adjacent laminations. 

The eddy-current losses may be calcu- I g 

lated by the rdation | 


Fig. 20.—^Failure of Trana- 

where is a factor depending on the former Insulation 


irinrl of material, t is the thickness of the 

laminations,/is the frequency, B* is the m a ximum flux density, 
and W is the weight of material. (For the proof of this formula 
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and its appUcation to actual oases the leader is referred to 
Pender’s Handbook.) 

The magnetio hysteresis loss may be calculated by the relation 



(By eouiiuv W«atinghotu9 CoJ 
Fiq. 21a.—-Part of Transformer Coil Showing End-turn Insulation 
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where ITa is a factor depending on the kind of material, / is the 
frequency, Bn is the maxiTnuTT) flux density, and W is the wei^t 
of the material. 

The reluctance of the core depends on the kind of material, 
the length of the magzuetio circuit, and on the section area of the 



Fig. 22,—^High-voltagB Condenser Bushing 


magnetic circuit. When the magnetic circuit has a constant 
section area and is made of uniform material the reluctance may 
be calculated by the relation 


where m is the permeability of the material, I is the length of the 
magnetic circuit, and A is the section area of the magnetic circuit. 
In most transformers the section area of the magnetic circuit is 



TRANSFOBMER COOLING 


41 


not unif orm and the oaloulation of the reluctance may be very 
difficult. 

Figure 28a shows how the magnetic circuit is constructed 
around the winding. In this particular case the laminationB con¬ 
sist of Zrshaped stampings of silicon steel so arranged that excellent 
magoetio joints are obtained (see Fig. 23&). 




Fig. 28.—^Partly AflBembled TiaDafonner and lUuBtration of the Method of 
Aaaemblmg the Core 


32. Transformer Cooling.—The losses in the windings and in 
the magnetic circuit of a given transformer are very small, but on 
account of its compactness the losses are usually sufficient to raise 
the temperature beyond the safe operating limit unless special 
provision is made for keeping the transformer cool. 

Transformers may be classffied as to the following methods of 
cooling: 
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1. Natural radiation, conduction, and convection frOm the 
trandoimer to the surrounding medium.* 

2. Air-cooled (air is forced throu^ the transformer winding 
and core by a blower). 



(By tha cavrtaay of the We^nghouee Co ) 

Pig. 24.—^Tranafonner Showing External Radiators for Cooling 

3. Oil-insulated self-cooled. (Kg. 24 represents an oil- 
insulated external radiator type of transformer. The oil cir¬ 
culates through the transfonner in an upward direction and is 
cooled as it circulates through the extern^ radiators.) 

4* Oil-insulated water-cooled. (Kg. 26 represents an oil- 
insulated water-cooled transformer. The oil circulates through 
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the transformer in an upward direction and is cooled as it 
in contact with pipes tkrou^ which cold water is drculs 
an external pump.) 

The natural method of cooling (n^ethod 1) is used when 
amount of power transformed is Hrnall^ Low-voltage curren 
potential transformers are cooled this way. Mel^od 2 is 



(By oourtBBy of the W§ttinahoud§ Co,) 
Fig. 25.—Oil Insulated Watejr-oooled Tranaformer 


where the amount of power is relatively large and the voltage 
relatively low. Methods 3 and 4 are used on most transformers 
and are particularly suited for inmilatiDg and cooling high-voltage 
high-capacity transformers. 

33, Transformer Oil.—The oil which is used for cooling and 
in su la t in g transformers is obtained by fractional distillation of 
petroleum. It must be free from moisture and destructive 
chemicals. The presence of a very amAll quantity of moisti^ 
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absolutely ruins its influlating qualities and for this reason both 
the transformer windings and the oil must be dried before the oil 
is poured over the windings. The transformer is dried in an oven 
and the insulation resistance of its windings is taken as an indica¬ 
tion of the degree of dryness. The oil is dried by forcing it through 
a filter. 

In ordinary operation the oU is kept dry by (1) making the 
transformer tank auvtigbt, or (2) by using a '' breather.” Small 
tanks are readily made air-ti^t, but large ones are not and are 
usually provided with breathers. 

Breathers permit the free expansion and contraction of the 
air above the oil in the transformer tank and keep the air dry. One 
form of breather consists of a box containing calcium chloride 
through which the air must circulate before it can enter the 
transformer tank. 
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34. Principle of Operation of a Transformer.—^An altematiiig- 
voltage impressed across the teiminaJs of the primary winding of a 
transfonner sets up an altemating-current in the winding and 
produces an alternating magnetic flux in the core. The major 
portion of the flux links both the primary and the secondary 
windings^ and on account of its variation e.m.f/8 are induced in 
both windings. The e.ni.f. in the primary winding is a counter 
voltage and limits the current in this 
winding. The e.m.f. in the secon¬ 
dary winding sets up the secondary 
load current. Since the power 
enters the primary winding and 
leaves the secondary winding a 
transformer may be considered as 
a sort of motor-generator in which Fiq.26.—^Arrangement of Meters 

the primary winding conesponds 

to a motor and the secondary wmd- former 

ing to a generator. 

36. Approximate Voltage and Current Relations of a Power 
Transformer.—^Kg. 26 shows the proper way for measuring the 
voltage and current relations in a power transformer. In the 
discussion which follows it is assumed that: 

(1) The resistances of the windings on the transformer are very 
small. 

(2) The flux linking the primary winding is at all instants 
equal to the flux linking the secondary winding. 

(3) The reluctance of the magnetic circuit is small. 

(4) The iron losses are small. 

(6) The voltages, currents, and flux are smufloids. 

Approximate voltage ratio.—The voltage drop across the 
primary winding of a transformer is at all instants equal to the 

45 
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BOm of the ooimter voltage drop due to the varying flux linkin g 
the winding and the voltage drop due to the resiatance of the 
winding. That is 

vi=ei+r'iii ( 1 ) 

where vi is the impressed voltage, ei is the counter voltage drop 
due to the flux and r'lii is the resistance drop due to the ptimaiy 
current (the resistance r'l is the resistance of the winding to a 
direct-current and is often called the ohmic resistance). 

In a power transformer the drop due to the resistance of a 
(pven winding is small; the windings are purposely designed this 
way so as to obtain a small copper loas. If it is assumed that the 
resistance drop is negligible the relation for the impressed voltage 
becomes 

vi =ei (approxunatdy) ( 2 ) 

That is, the impressed voltage and the counter voltage are approx¬ 
imately equal at all instants and consequently their wave shapes 
must be nearly the same. 

If the flux links all the turns of both windings the induced 
volthges in the windings may be expressed by the relations 

( 8 ) 

and 

(4) 

where ei and 62 represent the primary and secondary voltages 
which are induced by the flux 0 , Ni represents the number of turns 
on the primary winding and N 2 the number of turns on the 
secondary winding. 

By comparing equations ( 2 ) and (3) it is apparent that a 
sinuBoidal voltage impressed on the primary winding of a trans¬ 
former produces a sinusoidal flux which in turn produces sinusoidal 
electromotive forces in the primary and the secondary windings. 

Since the secondary winding of a transformer corresponds to a 
generator it follows that the iastantaneous voltage across the 
terminals of the secondary winding may be expressed by the 
relation 

^^2^2 (6) 


1 ^= 62 - 
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Here again the voltage drop due to the resistaaoe may be neglected 
and then 

V 2 =e 2 (approximately) (6) 

From equations (2), (3), (4), and (6) it follows that 

(approximately) . (7) 

The instantaneous voltages across the windings have the same 
ratio as the number of turns on the windings and the r.m.s. voltages 
must have the same ratio. That is 

7i jv, 

Va^Wa ( 8 ) 

Current ratio.—A transformer is so designed that the losses 
in its windings and core are very small. For this reason the 
power input to the primary winding is practically equal to the 
power output of the secondary winding. That is 

Vih COB Bi = Yah cos da (approximately) (9) 

The energy stored m a magnetic cireuit is proportional to its 
reluctance and the square of the magnetic flux. Due to the low 
reluctance of the core of a transformer, the energy stored in its 
magnetic (drouit is always small and for this reason the rate at 
which energy enters the magnetic circuit of a transformer is at all 
instants nearly equal to the rate at which energy leaves the 
magnetic circuit. The only way this condition can be satisfied 
is that the phase an^e between the primary voltage and current 
be equal to the phase angle between the secondary voltage and 
current. 

That is 

6i = da (approximately) (10) 

or 

COB 01=cos 02 (approximately) (11) 

From relations (8), (9), and (11), it follows that 

(approximately) (12) 

The ampore-tums of the primary winding are approximately 

equal to the ampere-tums of the secondary winding. 
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Tne accuracy of equations (8) and (12) for the voltage and 
current ratios of a transformer depend on the load connected to 
the transformers. At no-load the only current flowing is a am all 
current in the primary winding required to excite the core. The 
voltage drop due to this current is very small with the result 
that relation (8) is very nearly correct. On the other hand^ at 
no-load, the current in the secondary winding is zero and relation 
(12) is entirely wrong. If the secondary winding is operated at 
ovoload the currents in the windings produce appreciable 
voltage drops, relation (8) is no longer true, but relation (12) is 
approxinaately true. For exact calculations of the voltage and 
current relations it is necessary that a more complete analysis of 
the performance of a transformer be made. 

36. B.M.F. Induced in a Winding on a Transformer and its 
Phase Relation to the Flux.—A sinusoidal flux of the form 

— ^Ticat (13) 

linking N turns of a winding on a transformer induces a voltage 
in the winding of the form 

6 == — aN^hoa. cos uilO”® (14) 

where e is the e.m.f. in the winding taken positive in the same 
sense (around the core) in which the primary current is taken as 
positive. 

The maximum v^ue of this e.m.f. is 

10 ”® ( 1 ^) 


and its r.m.8. value is 

( 16 ) 

The phase relation between the e.m.f. and the flux is given 
by equations (13) and (14), One of these expressions is a sine 
function and the other a cosine function with a minus sign in front 
of it. This proves that the flux and the e.m.f. are 90 time degrees 
apart and that the flux leads the 6.m.f. 
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37. Voltage Current and Flux Relations in file Ptimaiy Winding 
of a Transfoimer Operating at No-load.— 

Let Fi3=Tjn.s. value of the voltage applied to the primaiy 
winding; 

Ijr=r.m.s. value of no-load current; 

E=»T.m.8. value of the counter voltage drop due to all the 
flux linking the primaiy winding; 
and n '=ohmic Tesiatance of the primary winding. 

The rdatione between these quantities is 

Yi=E+r'iIn (sine-wav^ assumed) (17) 

This is the fundamental voltage-ourrent relation for any 
receiver of power. Stated in words, the voltage drop across a 
receiver of power is equal to the vector sum of the counter voltage 
drop due to ah the flux linlring the ciromt and the resistance drop. 

If sinusoidal voltages and currents are assumed the power 
input to a transformer, at no-load, is 

Pi = ViIwOOsfl^r (18) 

or Pi=EIirCOB^it+i^iPjf (19) 

where 6^ is the phase an^e between Vi and Is and ^s is the 
phase angle between E and Is- 

The power r'lls^ represents the copper loss in the winding and 
therefore the power Els cos ^s must represent the core loss. 

Since E, Is, s^d the core loss are not zero, it follows that 
cos is not zero and that the an^e between E and Is must be 
less than 90 degrees. Since the e.m.f. and the flux [see equations 
(13) and (14)] are 90 degrees out of phase, it follows that the no- 
load current and the flux are not in phase. 

38. Mutual Flux and Leakage Flux.—Frequently it is desirable 
to separate the total flux linking the primary winding of a trans¬ 
former into two components. One of the components is called 
the mutual flux and the other the leakage flux. The mutual 
flux <f>u linlfH all the turns of both the primary and secondary 
windings and the leakage flux links the primary winding only. 
Similarly the flux linking the secondary winding may be separated 
into the components and 4>xa- On this basis the total flux 
linking the primary winding is 

4 • • 


(20) 
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and the total flux linkmg the secondary winding is 

(see Fig. 30) (21) 


39. Voltage, Cuirent, Flux Diagram for the Primary Windiiig 
of a Transformer Operating at No-load (see Fig. 27).— 

Let j&i=counter voltage drop in the primary winding due to 
the mutual flux; 

and Fi,i=cotmter voltage drop in primary winding due to 
leakage flux; 

than 

( 22 ) 

and ' 

I Pi^ViIirOOBOir 

1 ' eos 0"s~{'Ez,iIir oos (23) 


where! 

phase 


6"t, is the phase angle between Ei and In and is the 
jangle between Eu and 1^. 

On accoimt of the core losses due to the mutual flux and the 
leakage flux the angles 0"tr and 0'"ir are each less than 90 degrees. 
Summary.—(1) The no-load current of a transformer is not in 

phase with the flux it produces. 
On account of the iron losses the 
current leads the flux. 

( 2 ) The e.m.f. induced by the 
flux lags the flux by 90 degrees 
(the e.m.f. is taken positive in 
the same sense as ihe current 
which produces the flux). 

(3) The voltage drop ^ue to 
an e.m.f. is in phase opposition 
to the ejn.f. (both taken positive 
in the same sense). 

' (4) The counter voltage drop 
due to the mutual flux is less 
than 90 degrees ahead of the no- 
load current. 

(5) The counter voltage drop due to the leakage flux is less 
than 90 degrees ahead of the current. 

40. Leakage Reactance and Effectiye Resistance.—The voltage 
drop Em (Fig. 27) is usually resolved into two components. One 
of these components is 90 degrees ahead of the current and is called 



Fig. 27.—^Vector Diagram for the 
Primary Winding of a Transformer 
Operating at No-load 
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the leakage reactance drop Jiv. The other component is in phase 
\nth the current; it is usually oombined with the ohmic resistance 
drop and the sum of these drops is called the effective 
remstance drop 

In general the effective resistance of a transformer winding 
may be expressed by the relation 


'Roughly 


core loss due to leak^ flux+eepperl ■ 
loss due to flux cutting the wiudmg jr 
(current through winding)^ 




(24) 


This relation holds for transformer windings only and is an. 
approximation at that. 

41. Primary Current Due to the Secondary Load (see Fig. 
28).—^The current in the primary winding of a transformer may 
be resolved into two components. One of the components is 
required to produce the core ffux and is nearly constant. The 
other component depends on the secondary load and changes 
instantly when the secondary load is changed. 

The component of the primary current due to the secondary 
load may be calculated on the basis that the total power entering 
the secondary winding may be represented by an equal power 
'leaving the primary winding. That is 

E2I2 cos 0a=‘Eil2i cos O21 (25) 

where ^ 2 =r.m.s. value of the e.m.f. in the secondary winding 
. due to the mutual flux; 

72—r.m.8. value of the secondary load cirrrent; 

02 =phase an^e between E 2 and 72; 

.El=voltage drop in the primary due to the counter voltage 
produced by mutual flux; 

721 =component of primary current due to secondary load; 
and 021 =phase an^e between Ei and 72i. 

Since none of the power indicated by equation (25) is stored 
in the magnetic circuit, the phase angle between Ea and I 2 must 
be the same as the phase angle between Ei and 72i. That is 

cos 02 = cos 021 (26) 

Since 

J=^ (exactly) (27) 
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it follows that 

l 2 i =^/2 (exactly) (28) 


The component of the primaiy current due to the secondary 
load ie equal to the product of the ratio of the secondary to the 
primary turns and the secondary current. 

The total primary current is the vector sum of I 21 (primaiy 
current due to the secondary load) and ly (primary current 
necessary to produce the mutual flux). That is 

Il=T21+Ty (29) 


Figure 28 is the complete voltage drop-current vector diagram 
for the primary winding of a transformer when the secondary 

winding supplies an inductive 
load. 

42. Exdting Cuireat; Varia¬ 
tion of Core Flux and Exciting 
Current with Load; Expressions 
for the Exciting Current; Error 
'M' ftHft in Assinning Ezdtiiig 
Current a Sine-wave.— 

Exciting current—^Equ^,tion 
(28) shows that the magnetizing 
action of the secondary winding 





Fig. 28.—Vector Diagram te the in an equal and opposite 

in th, prim, 
ary wmding (the ampere-turns 
iVa /2 tend to produce a core flux in one direction and the ampere- 
turns Nilat in the opposite direction). The vector difference 
between the total ampere-tums Nih of the primary winding and 
the ampere-tums Nilai due to secondary load must represent 
the ampere-tums which produce the magnetic flux in the core. 
That is 


NiIi-NiIai=NiIy (30) 

The current ly is often celled the exciting current and is equal 
to the no-load current in the primary winding. 

Variation of core flux and exdting current with load.—Since 
the resistance and the leakage reactance of the primary winding 
of a transformer are usually very small, it follows that for all 
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ordinaiy loads tlie voltage drops produced by these quantities 
are small and therefore the impressed voltage on the primary 
winding is approximately equal to the counter voltage produced 
by the mutual flux (see Fig. 28). On this basis when the impressed 
fr^uenoy and the r.m.s. value of the impressed voltage are 
constant, the r.m.B. value of the counter voltage is nearly con¬ 
stant, and the r.m.s. value of the mutual flux which is directly 
related to the counter voltage must remain practically constant. 
The power losses in the magnetic circuit depend on the mutual 
flux and are therefore practically bonstant provided the impressed 
voltage and frequency are constant. 

The exciting current may be considered as having two com¬ 
ponents, both of which depend on some function of the impressed 
voltaige and frequency. The component of the exciting current 
which is in phase with the counter-voltage drop (due to the 
mutual flux) is necessary to supply the iron losses due to the 
mutual flux and the component which lags the counter voltage 
by 90 degrees is necessary to supply the reactive power in the 
magnetic circuit. 

Mathematical e:qn:essions for the exciting current—^The com¬ 
ponent of the exciting current which is in phase with the counter¬ 
voltage drop is called the core loss (hysteresis+eddy-current) 
component. By definition this component is equal to the core¬ 
loss conductance multiplied by the counter voltage. That is 


^H+r=giEi 


(31) 


The core-loss conductance may be calculated by the relation 


, Core loss 


(32) 


The component of the exciting current which lags the counter¬ 
voltage drop by 90 degrees is in phase with the mutual flux and is 
called the magnetizing component. The magnitude of this cur¬ 
rent is equal to the product of the magnetizing susceptance and 
the counter-voltage drop. That is 

Im=hiEi (33) 

The magnetising susceptance may.be calculated by the relation 
, Reactive power in the magnetic field 


(34) 
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The expression for the exciting current in terms of its com* 
ponehts is 

or 

/-V “ (jffi (36) 


Wave shape of the exdtmg current of a transformer.—It 
was demonstrated in Article 35 that a sinusoidal voltage when 
impressed across the primary winding of a transformer results in 
a sinuBoidal core flux. It wiU now be demonstrated that a 
sinusodial flux in an iron core must be produced by a non- 
sinusoidal current. 

Figure 29a represents the hysteresis loop of the iron used in 
a certain transformer and Fig. 296 represents the (hystereais+ 
magnetizing) component of the current obtained from the loop 
in a graphical way. For example, the current required to produce 
the flux PQ is equal to OM=QR] the current required to produce 
the flux Sr is equal to ON ^SU; etc. The current wave obtained 
is not a sine-wave; the flux and the current have their maximum 
values at the same instant, but pass through zero values at entirely 
different instants. 

The wave shape of the exciting current depends on the wave 
shapes of the hysteresis-^’ma^grietiziTig component and on the 
component which represents the eddy-current loss in the core. 
Since the latter component represents a true power loss, and 
nothing else, it must be a sine-wave (see Article 24). A sine-wave 
quantity combined with a non-sinusoidal quantity results in a 
nbn-sinusoidal quantity. For these reasons the exciting current 
of a power transformer is usually a non-sinusoidal quantity. 

Error made in assuming the exciting current a sine-wave.— 
An analysis of the current wave in Fig. 296 shows that an appre¬ 
ciable third harmonic is present and the problem arises as to how 
the harmonics must be taken into account in circuit calculations. 
In certain transformer connections (see Articles 58 and 131) 
harmonics produce undesirable results and for this reason an 
analysis of a circuit involving a special connection requires that 
the harmonics be taken into account. The effect of a harmonic 
depends on the kind of circuit and on the value of the harmonic. 

If no special connections are involved the error made in assum¬ 
ing the exciting current a aiae-wave may be readily calculated. 
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For esample, if an aualyEDS of the curreiit wave diowB that the 
fundacnental has an r.m.s. value of 5 amperes and that the third 
hanuouio is 20 per cent of the fundamental, the true rjn.s. value 
of the current is ■\/5®+l®=6.1 amperes (see Article 26). Thus, 
in flflgnmiT^g that this cupent is a sine-wave haying an r.m.s. 
value of 5.1 amperes involves an error of only 2 per cent. Again 
when the primary voltage is a sine-wave the total power input, 
due to the exciting current depends on the fundamental in the 
flynitiTig current and is independent of the hi^er harmonics. In 



-f-Hysteiesis Component of the No-load Current of a Transformer 

this particular case only a small error is made in basing power 
calocdations on a fimdamental of 5.1 amperes instead of 5 amperes. 
For these reasons exciting currents are ordioarily treated as aine- 
waves and may be represented by vectors on vector diagrams. 

43. Complete Voltage-Cuxrent-Flux Diagram for a Transforms 
and the Fundamental Voltage Current and Pows Relations.— 
The position of vectors on vector diagrams depends partly on the 
positive sense chosen. In Fig. 30 the primary voltage drop and 
current are assumed positive in the sense a to 5 and the secondary 
volt^ rise and current are assumed positive in the sense c to d. 
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Summary of voltage current and power relations (see Fig. 30).— 


Primary voltage ,— 

Yi^^i+<n+3^)h (36) ! 

Primary current .— 

Ii—121+fir (37) 

Primary power input .— 

Pi = yiJi cos 6 i (38) 

Secondary voltage .— 

Y2=E2-(r2+jX2)l2 (39) 

Secondary power output .— 

p 2 = V 2 I 2 cos 62 (40) 



Fio. 80.—Complete Vector Diagram for the Primary and Secondary Windings 

of a Transformer 


In these relations Ei and E 2 are the primary and secondary 
voltages due to the mutual flux; ri and r 2 are the effective resis¬ 
tances of the windings; xi and Z 2 are the leakage reactances of 
the windings due to the leakage fluxes 4 li and J 21 is the 
primary current due to the secondary load; 1 ^ is the no-load 
current; is the phase an^e between Vi and Ii; and & isthe 
phase angle between V 2 and I 2 . 

44. Exactly Equivalent Circuit of a Transformer.—In order to 
predetermine the performance of a transformer it is advisable to 
base all calculations on an equivalent circuit. A simple circuit 


IP 
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which when connected to the saxae supply as an actual transformer 
taJces the same current at the same power factor as the transformer 
is said to be equivalent to the transformer. 

Figures 31a-a show how the exactly equivalent circuit is 
derived. The equivalent circuit may be referred to either the 
high-voltage or the low-voltage sides. The circuit shown in 
Fig. Sle is referred to the hi^-voltage side. 

Figure 31a represents the actual transformer of which the 
equivalent circuit is desired. The subscripts H and L are used 
to designate the hi^- and low-voltage windings. The expression 
LE means low-voltage side referred to bi^-voltage side. • 

The first step in obtaining the required circuit is to replace 
the windings on the transformer by ideal windings (windings 
having no resistance and no leakage reactance). In Fig. 31h 
the windings are perfect, but resistances and reactances equal to 
those of the windings of the actual transformer are connected in 
the leads of this fictitious transformer. It should be apparent 
that the circuits of this transformer are equivalent to those on 
the actual transformer. 

Figure 31c represents a transformer.having ideal windings and 
a turn ratio of unity. The primary circuit of this transformer is 
equivalent to the primaiy circuit of the actual transformer pro¬ 
vided the magnetic reactions due to the secondary currents axe 
equal and bear the same time phase relations to the respective 
impressed voltages. 

If we assume that the load on the actual transformer is con¬ 
nected to the low-voltage winding and that the outputs and load 
power factors of the actual transformer and fictitious transformer 
are respectively equal, we obtain the relations 

Vr.rrlr.jr COS Buf— YJl COB 61, (41) 

and 

VcRlm^VJi. (42) 

For equal secondary winding magnetio reactions it is necessary 
that 

NbIlh—N iJzt 
or 

(43) 


where U is the turn ratio. 
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Substituting (43) in (42), we obtain 

Vlh^UVz, (44) 

For equal copper losses in the secondary windings it is neces¬ 
sary that 

rx^PLB^fiJ^L (46) 

Substituting (43) in (45), we obtain 

rijf = XPrt. (46) 

In order to obtain the same internal secondary winding power 
factor it is necessary that the reactances bear the an-ma relation as 
the resistances. 'Ihat is 

Xi^=XPxi. (47) 

If relations (41) to (47) are all satisfied at once it follows that: 

1. The actual power outputs of the real and fictitious trans- 
formers are equal. 

2. The secondary winding copper losses are equal in the two 
transformers. 

3. The ampere-turns of the secondary windings are equal. 

4. The internal power factors of the secondary windings are 
equal. That is 

OOHe^r^^OOSef 

1 T.TT lit 

and from 3 and 4 it follows that: 

5. The magnetic reactions of the secondary windings are equal 
and these reactions bear the same time phase relations to the 
primary impressed voltages. 

The primary and secondary winding may now be connected as 
shown by the dotted connection in Fig. 31c (the + terminal of the 
primary winding is connected to the -|- terminal of the secondary 
winding). No current fiows as a result of this connection for 
JSztB “ Sib. 

The two windings in Fig. 31c may now be replaced by a sin^e 
perfect winding having Nb turns (Fig. 31d) wound on an iron core, 
and this winding may be replaced by a parallel circuit, one branch 
a perfect resistance having a conductance gB (the core-loss con¬ 
ductance) and the other branch a perfect inductance having a 
susceptance hs (the magnetizing susceptance). The final circuit 
(Fig. 31e) is not a transformer, but it is an equivalent circuit of 
the actual transformer. 
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Volta^ dxop-current vector diagram of the ezadly equivalent 
circuit of a transformer (see Figs* 31e and 32).—The student should 

oompare this vector diagram with 
that in Fig. 30. The current Is 
corresponds to 7i; the current Izm 
corresponds to the current J 21 ’, the 
current Is corresponds to the cur¬ 
rent Is’, the counter-voltage drop 
Es corresponds to Ei; and the 
voltage drop Vg corresponds to Vi. 

46. Approximately Equivalent 
Circuit of a Transformer Referred 
to the BB^-voltage Side.—Only a 
small error is made in nhatigiTig 
the location of the exciting circuit < 
from the position shown in Fig. 31e to that shown in Fig. 33. 

Vector diagram for the approximately equivalent drcult of a 
transformer (see Figs. 33 and 34).—^The vector diagram is based 
on the approximate relations 



Fia32.—^Vector Diagram for the 
Exactly EquivaJent Circuit of a 
Tranefonner 


Yb~ Yi.s’\-{RB-\-jXH)lLB 
and 

Is—(gu~jbs) Ys 



Fiq. 33.—Approziiiiately Equivalent Circuit of a Transformer Referred to the 
High-voltage Side 


46. Voltage Regulation and Bfiddency of a Transformer.—^In 
the following discussion the primary winding of a transformer 
will be designated by the subscript 1 and the secondary winding 
by the subscript 2. The double subscript 12 means primary 
referred to the secondary and the subscript 21 means secondary 
i^erred to primary. 
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Voltage regulation.—Tlxe voltage regulation of a transformer 
is the ratio of the difference between the no-load and the rated 
load terminal voltage of the secondary winding to the rated load 
terminal voltage. The per cent regulation may be determined 
by direct test or may be calculated by using the circuit constants. 
In either case the regulation may be calculated by the relation 


Per cent i^;ulation: 


^^- 100=100 


Par 


Va 


(48) 


where Va is the rated secondary ter¬ 
minal voltage, P 21 is the rated secon¬ 
dary terminal voltage referred to the 
primary, Pi is the primary terminal 
voltage, and P 12 is the primary - termi¬ 
nal voltage referred to the secondary 
side. 

If the approximately equivalent 
Fio. 34.— Vector Diagram circuit of a transformer is ’ assumed 
for the Approximately Equiv- the following method for calculating 
Blent Circuit of a Trena- tijg regulation may be employed (see 
' A.I.E.E.EuleB): ! 1 



former 


Per cent reg=w»gr+ng,- 


200 




(49) 


where jr ==^^100=^^100 (this is called the per cent re¬ 
sistance drop) 

g,=^^100=^^100 (this is called the per cent re¬ 
actance drop) 

cos 03=COB 021 (power factor of load) 
n=sin 02 =sin 021 (reactive factor of load) 

12i = ri -f-r 2 i (equivalent winding resistance) 

Xi =a;i-l-Z 2 i j(equivalent winding leakage reactance). 

47. £ffldenc 7 .—In general the efficiency of any machine is the 
r%tio of the useful power output to the total power input. Fpr 
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any given load on a transformer the mathematical expression for 
the ^dency is 

Per cent effidency at a given load 

= - . . , ■ - ^100 ( 60 ) 

Output+copper loss+core Iobs 

When the load on a transfonner varies considerably throughout 
a day it is sometimes desirable to obtain its all-day eflBciency. 
This efl£ciency may be calculated by the relation 

Per cent all-day efficiency 

^_ Output (for 24 hrs.) _. . 

Output (for 24 hrs.)+losses (for 24 hrs.) ^ ^ 

48. Method for Measuring the Effective Resistancei Leakage 
Impedance, and Leakage Reactance of a Transformer (Impedance 
Test).—The effective resistance and leakage reactance of a 
transformer mnding may be closely approximated by calculation 
but cannot be measured by a simple test. Fortunately in most 
problems on transformers it is necessary to know the resistances 
and reactances of both windings combined and not the resistance 
and reactance of each winding separately. The resistance and 
reactance of both windings combined may be measured by a 
simple test known as the impedance or load-loss teat” (see 
A.I.E.E. Rules). 

In the impedance test the low-voltage winding is short-circuited 
(see Fig. 35) and the high-voltage winding is connected through 



Fia. 36.—^Arrangement of Meters for Impedanoe or Load-loss Test on a 

Transformer 

a protecting resistance to a source of a-c. power which operates 
at the rated frequency of the transformer, .^he voltage applied 
to the high-voltage winding must be small but sufficient to cir¬ 
culate rated current through both windings. Meter readings of 
the voltage, current, and power are taken. 
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Since the voltage aorosa the primary ^rinding is amall and 
since the core loss depends approximately of the square of this 
voltage it may be assumed that the core loss is negligible and that 
the total power input to the transformer under ahort-drcuited 
conditions is equal to the copper losses in both windings. On this 
basis the effective resistances of both windings may be calculated 
by the relation 

■8=^ (62) 

where R is the effective resistance of both windings referred 

to the side in which the meters are connected, W is the power 
indicated by the wattmeter, and 7 the current indicated by the 
ammeter. 

The leakage impedance of both windings combined referred to 
the side in which the meters are connected is 

^=7 (53) 

and the leakage reactance of both windings combined referred to 
the same side is 

X=VZ*-2e2 (64) 

Since the constants R and Z of a transformer depend on the 
temperature it is necessary when making the impedance test to 
observe the temperature of the windings. If the temperature of 
the windings is 0. and it is desired to know the constants at 
the standard reference temperature of 76° C. the following calcu¬ 
lations must be made: 

1. The effective resistance 

lJ76=i2«[l+a‘(76—0] approximately (66) 

where a* is the temperature coefficient of resistivity at the tem¬ 
perature t. 

2. The leakage reactance 

X 7 B=‘Xt approximatdy (66) 

and 

3. The leakage impedance 


ZjB= V( 1276 )*+ (Xt)^ approximately 


(67) 
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The first of these relations is an approximation for the reason 
that the effective resistance may be resolved into a part represent¬ 
ing the ohmic resistance of the winding and a part which when* 
multiplied by the square of the current represents the core loss 
due to the leakage flux. The part representing the ohmic resis¬ 
tance of the winding ^ould be corrected for temperature but 
the part which represents core loss should not be corrected for 
temperature. Since the reluctance of the path of the leakage 
flux at ordinary temperatures is practically independent of the 
temperature it is safe to say that the second relation is nearly 
true. The third relation is an approximation for the simple reason 
that it depends on two relations, one of which is an approxunation. 

49. Method for Determining the ^citing Current, Core-loss 
Conductance, and Magnetizing Susceptance (No-load Test).— 
The magnitude of the exciting current and its phase relation 
to the impressed voltage are determined by the no-load test (see 
A.I.E.E. Rules). The transformer is connected as shown in 
Fig. 36 to a source of src. power which must be operated at the 



Rea. 30.—Anangemeat of Metera for No-load Test on a Tnuisfonner 

rated frequency of the transformer. In this test low-range 
meters must be used and it is very important that the current 
coils of the ammeter and wattmeter be protected by a suitable 
short-oirouiting switch at the instant when the transformer is 
first connected to the supply. The rush of exciting current 
obtained when a transformer is connected to the supply depends 
on the state of magnetism in the core. If the core has appre¬ 
ciable residual magnetism it is possible that the first ru^ of 
exciting current is many times the rated current of the transformer 
and for this reason the meters must be protected. 

The voltage impressed on the piimaty winding must be suf¬ 
ficient to obtain across the secondary winding a voltage equal 
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to the rated secondary voltage + r 2 J 2 (the resistance drop in the 
secondary winding at rated load). The reason for malring the 
test at this voltage is to obtain approziinately the nftTna mutual 
flux at no-load as is obtained when the transformer is operated at 
rated unity power factor load. 

The core-loss conductance referred to the mde in which the 
ammeter and wattmeter are connected may be calculated from 
the relation 

(58) 

Where g is the conductance, P is the core loss due to the 
mutual flux and is equal to the wattmeter indication less the power 
consumed by secondary voltmeter less the rP loss in the windings 
at no-load, and E is the counter voltage due to the mutual flux. 
Since the impressed voltage V and the counter voltage due to the 
mutual flux are nearly equal and since the wattmeter reading W 
is nearly equal to the core loss due to the mutual flux it follows that 

W 

g-^ (approximately) (59) 

The exciting admittance referred to the side in which the 
ammeter is connected may be calculated by the relation 

7=^ (approximately) (60) 

Knowing the admittance and conductance the magnetizmg 
susceptanoe may be calculated by the relation 

b—s/Y^—g^ (approximately) (61) 

These constants are referred to the side of the transformer in 
which the ammeter, voltmeter, and wattmeter are connected (the 
high-voltage side in this case). For the sake of safety the no-load 
test is usually performed with the meters connected in the low- 
voltage side. The core-loss conductance on the high-voltage side 
may be calculated by multiplying the core-loss conductance on 

the low-voltage side by the factor Similarly the magnetizuig 

susceptance on the high-voltage side is ^ times the magnetizing 
Busceptance on the low-voltage side. 



66 


THEORY OF THE TRANSFORMER 


The core4oss oonductaace and the magnetizing susceptance 
at ordinary operating temperatures are independent of the tem¬ 
perature and no correction for temperature is necessary. 

60. Turn Ratio Test—The turn ratio of a transfonner may be 
obtained from the designer or may be approximately measured 
by determining the ratio of the indications of two voltmeters, one 
connected across the high-voltage side and the other connected 
across the low-voltage side. In the turn ratio test the transfonner 
is operated at no-load. 

61. Values for the Exciting Current, Resistance Drop, React¬ 
ance Drop, Efficiency, and Regulation of a 6000 EV-A., 140,000- 


to 6000-volt, 60-(yde Transfonner.— 

Core loss.=41,600 watts 

Exciting current.=* 7.0 per cent 

Resistance drop.= 7.72 

Reactance drop.= 8.63 

Efficiency at rated unity power factor load .=98.4 


Voltage regulation at rated unity power factor load * 8.1 

PROBLEMS 

1. In a certain coil 200 turns are linked by an alternating flux having a 
Tn a x i muTn value of 10" lines. The flux is produced by a 60-cycle current, 
(a) Calculate the value of the e.m.f. induced in the winding. (6) Con¬ 
struct a vector diagram showing the phaae relation between the flux and the 
e.m.f. (c) What assumptions did you make in parts a and b? 

2. A certain reactor having an iron core is connected to a 220-vQlt 25-oycle 
supply. The total iron loss is 426 watts of which 206 watts are due to hystere¬ 
sis. (a) Calculate the total iron loss when the frequency is kept constant 
and the voltage decreased 10 per cent. (6) Calculate the total iron loss when 
the voltage and the frequency are both increased 10 i>er cent, (c) What 
assumptions ware made in a and b? 

3. An iron core reactor consumes 1210 watts when connected to a 110-volt 
source of a^c. power. The current is 41 amperes. The ohmic resistance of 
the coil is 0.16 ohm. (o) How much power is transferred from the coil to the 
magnetic circuit? (6) What is the phase angle between the current and the 
flux? (Assume that the voltage, the current, and the flux are sinusoidal 
qua^ntities and assume that the leakage flux is zero.) (c) Construct a com¬ 
plete voltage drop-ourrent-flux vector diagram. 

4 . The following measurements were made on a 2-kv-a. transformer at 
no-load: 

Primaiy Voltage Frequency Primary Current Secondary Voltuiw 
110 60 0.67 440 
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(a) Calculate the mutual inductance between the primary and secondary 
windings, (b) What assumptions were made in (a) 7 

6. (a) Plot the hysteresis loop between flux as ordinates and current as 
abscissas given the following values for one half of the loop; 


t 

^/lO* 

i 

4/10« 

-hi. 16 

0 

+3.0 

+1.166 

+1.5 

+0.62 

+2.0 

+1.1 

+2.0 

+0.86 

+1 0 

+1.00 

+3.0 

+1.07 

+0.0 

+0.83 

+4.0 

+1,18 

-0.6 

+0.68 

+4.7 

+1.2 

-1.0 

+0.39 

+4.0 

+1.19 

-1.16 

0.00 


(Assume that the top half and the bottom half of the loop have the same 
shape.) 

(&) Determine the wave shape of the current ineoessaiy to produce a 
sinusoidally varying flux having a maximuTn value of 1.2 X 10^ lines. 

(c) Analyze the current wave obtained for the fundamental, the 3rd 
hannonic, and the 6th harmonic. 

(d) T^y is no appreciable error made in assuming this current a sine- 
wave? 

6. The following things are known about a 2-kv-a. flO-cycle transformer; 

No-load current, 0.57 ampere; 

Core loss, 24 watts; 

D-o. resistance of primary winding, 0.07 (dun; 

Turns on the primary winding, 60; 

Maximum mutual flux linking the primary and secondary windings, 
700,000 lines (assumed to vary sinuBoidally); 

Maximum leakage flux linking piimaiy windmg, 20,000 lines (assumed 
to vary sinusoidally); 

Power loss due to the leakage flux negligible. 

(a) Calculate the r.m.B. value of the induced e.m.f. in the primary winding 
due to the change in linkages produced by the mutual flux. 

(b) Calculate the r.m.s. value of the induced 6.m.f. in the primary winding 
due to the leakage flux. 

(c) Determine the r.m.s. value of the primary terminal voltage. 

(cQ Construct a complete voltage drop-cuirentp-flux vector diagram. 

7. A step-down transformer has a turn ratio of 4. The primary voltage 
B 444 volts and is held constant. The load on the secondary requires 20 
imperes at 70 volte. The proper voltage at the load may be obtained by 
connecting a 2-ohm rheostat in the secondary leads or a 32-ohm rheostat m 
he primary leads. Show why this is true. 

8. The following testa were made on a 2-kv-a. 110/440-volt 60-cycle, 
tep-up transformer: 
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No-load Test (Mbtebs Conototbd in the Low-voltagb Smin) 

Impressed Voltage Current Power Frequency 

no 0.67 24 60 

Imfedancb OB Load-loss Test (Mbtebs Connected in thb 
E joH-voin^AOB Sidb) 

Impressed Voltage Current Power Frequency 

10 4.66 50 60 

Turn ratio, 4; 

D-c. resistance of the hig^-voltage windingi 0.80 ohm; 

D-c. resistance of low-vdltage winding, 0.08 ohm; 

Temperature at which the mesaurements were made 20^ C. 

Determine: (a) the ratio of the equiTslent effective resistance to the 
equivalent d-c. resistance of the windings; (h) the constants of a circuit 
esustly equivalent to the transformer at 76** C. referred to the high-voltage 
side (assume that the leakage reactance of the low-voltage winding referred 
to the high-voltage winding is equal to the leakage reactance of the high- 
voltage winding); (c) the constants of a circuit approximately equivalent 
to the transformer at 76° C. referred to the low-voltage side. 

9. Based on the exactly equivalent circuit in Problem 8, calculate the 
voltage regulation of the transformer at 76° C. for: 

(a) Bated kv-a. unity power factor load, 

Bated kv-a. seventy per cent leading power factor load, 

(c) Bated kv-a. seventy per cent lagging power factor load. 

10 . Baaed on the approxiinately equivalent circuit, Fig. 34, derive equa¬ 
tion (49). (Note that products of the form Qr* or q^r are very small.) 

11. Use equation (49) and calculate the voltage regulation of the trans¬ 
former in Problem 8 for the loads specified in Problem 9. 
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TRANSFORMER APPLICATIONS 

62. Parallel Operation of Two Ttansfonnets.—When the 
load on a tranaformer exceeds its rating it becomes necessary to 
replace the transformer or to operate another transformer in 
parallel with its secondary windings. The chief difficulty in 
operating two transformers in parallel is to obtain the proper 
distribution of the load. Transformers having equal ratings 
and equal constants are readily operated in parallel for the proper 
distribution of the load is automatically accomplished. Trans¬ 
formers of unlike ratings and unlike constants may or may not 
give satisfactory parallel 
operation, depending on 
certain factors which 
will now be considered. 

63. Parallel Opera¬ 
tion of Transformers at 
No-load (see Fig. 37).— 

The purpose of this ar¬ 
ticle is to ^ow that 
certain transformers can¬ 
not be operated in 
paralld even at no-load. 

For example, only a 
HiVtall difference in the Fia. 37.— ^Parallel Operation of Tranaformera 
turn ratios of the trans¬ 
formers results in very large circulating currents through the 
windings. This follows from the fact that the leakage impedance 
of the mesh formed by the secondary windings is very small and 
consequently a httirH difference in the secondary e.m.f.’s results 
in a large secondary current and also a large primary current. 

In Fig. 37 the current in the mesh formed by the secondary 
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windings (taken positive in the same sense as the e.m.f. ^^7 

be oaloulated by the relation 

720 == ^l2b = — —— ( 1 ) 


where E^at are the e.m.f.’B induced in the secondary windings; 
and 220 , ^ 2 & are the leakage impedances of the secondary windings. 
The voltages ^20 and B 26 depend on the turn ratio, the primary 
leakage impedances, the primary impressed voltage. The value 
of the circulating current l 2 a therefore depends on the leakage 
impedances of both the primary and the secondary windings of the 
transformers. Since the impedances of the windings are usually 
very small it follows that a small difference between the voltages 
E^a and E^^ results in an excessive circulating ciuxent making 
parallel operation impossible. For this reason transformers whose 
turn ratios are only slightly different cannot be operated in 
parallel. 

64. Parallel Operation of Transfonners with the Secondary 
Load Cozmected.—In the following discussion the approximately 
equivalent circuits of the transformers are used and it is assumed 
that 


Ua— I75=tum ratio; 

effective resistance of transformer A referred to 
the secondary side; 

2226=effective resistance of transformer B referred to 
the secondary side; 

X 2 a=leakage reactance of transformer A referred to 
the secondary side; 

X 2 A=leakage reactance of transformer B referred to 
the secondary side; 

tan P 2 a=^‘, 

£h2a 


and 


tan|9a,='^; 

7i 2=primary voltage referred to the secondary side. 


Assume that the transformers are connected correctly. (They 
must be connected that for the major portion of a cycle, the 
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Becondary voltages buck with reference to the mesh formed by the 
secondary windings.) 

Since the transformers are so connected that the primary 
impressed voltages must be equal and the secondary load voltages 
must be equal it follows that for transformer A 

Fi 2 ■= ■?2o/a«+7a (2) 

and for transformer B 

= (3) 


From equations (2) and (3) it follows that 


or 




Iaa_ZM 

Ian Zia 


(4) 

(5) 

( 6 ) 


The ratio of the secondary currents is equal to the inverse 
ratio of the leakage impedances of the transformers. Since the 
secondary voltages are equal it follows that the volt-ampere out¬ 
puts of rile transformers are inversdy proportional to the leakage 
impedances of the transformers. 

From equation (5) 

/8sa+®2<l=/S»+^2» (7) 

and if 

j8sa=/Saj 

it follows that 

02a 026 (8) 

That is when the impedance angles are equal the load power 

factor an^es are also equal. 

If the load power factors are equal it follows that 

/ 2 a+/ 2 »(arithmetical sum) = /2 (9) 

and that 

Rsi-hjXn _ Bn _ Xai 
lat B2a'\~j^aa Baa ^3a 

The currents divide inversely as the resistances. This is the 
condition necessary for minimiiTn copper loss, but is not neces¬ 
sarily the condition for equal temperature rise of the transformers. 
Equation (10) may always be satisfied by chan^ng the E’s and 
X’a of the transformer leads. 
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66 . Summaiy of Conditions Necessary for Satisfactory Opera¬ 
tion of Two Transformers in Parallel.— 

1 . The transformere must be properly cozmeoted as to polarity. 

2 . The turn ratios must be equal. 

3. For TTiiTiimmn copper loss 


and 


/aa+IstoCarithmetical sum) =72 
-Baa 




4. To utilize the full kv-a. capacities of the transformers the 
ratings of the transformers must be proportioned inversely as 
their impedances. That is 

Rated kv-a. of transformer A _I%a_Z 2 b 
Rated kv-a. of transformer S Z^a 
and 

6 . In order to have the arithmetical sum of the kv-a, outputs 
of the transformers equal to the kv-a. of the combined load the 
impedance angles must be equal. That is, the constants of the 
transformers must be so proportioned that 



X2b 




Polarity Test; Subtractive Polarily; Additive Polarity.— 
I any attempt is made to interconnect transformer windings 

it is necessary to know the 
polarities of the terminalB of 
the respective windings. An 
excellent way for deterroining 
polarities is shown in Fig. 38. 
Two voltmeters are used. One 
of the meters indicates the 
Tempotmi^ Connie voltagc acioss the high-voltage 

Fig. 38. — Polarity Teat of a TranBf ormer "winding and the other meter in¬ 



dicates the sum or difference of 
the voltages across the high- and low-voltage windings. Referring 
to the illustration, if the voltage from m to o is less than the voltage 
from m to n, then the voltages of the windings buck with reference 
to the mesh mopn and during the major portion of a cycle the 
teiminals m and o have like polarity. This type of polarity is 
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called s^iractive polarity. If the voltage from m to o is greater 
than the voltage from m to n it is evident that for the major 
portion of a cycle the termi¬ 
nals m and o have unlike po¬ 
larity or what is known as 
additive polarity. 

67. Examples of Trans¬ 
former Termixial Marking.— 

The standard way for mark- (g) (g) (0)0@0 

ing the terminals of the high- (^) (b) 

voltage winding of a trans- pjQ^ SQ.^^ubtiaotive Polarity of Trans¬ 
former is by the symbols former Windings 

(HI), (H2), (H3), etc. Sim¬ 
ilarly the standard symbols for the terminals of the low-voltage 
winding are (XI), (X2), (X3), etc. (See A.I.E.E. Standardisa¬ 
tion Rules in regard to the 
proper way for marking 
transformer terminals.) 

Subtractive and additive 
polarity are illustrated by 
Fig. 39 and Fig. 40 respec- 
' tively. 

68. Ttansfomer Connec- 

Fia. 40.—^Additive Polarity of Trans- 

former Windings Transformation from 

three-phase to three-phase 
using three transformers.—The high-voltage and low-volt¬ 
age windings of the transformers may be connected in Y 
or in A. The connections used in any given case depend 
somewhat on the voltage required and on the desirability 
of having the neutral available. The following connections 
are possible. 

Hi^-voltage 
Winding 

Y 

A 

Y 


Low-voltage 

Winding 


Terminal Voltage 

Ratio ^ 

Vl 

U 

U 

Vzu 

U 

Vs 




A 


Y 
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In the Y-Y connection where no neutral return circuit is used 
a sinusoidal pnmajy terminal voltage results in a sinuBoidal 
secondary terminal voltage, but a non-sinusoidal Y-phase voltage. 
A nonnainusoidal Y-phase voltage may or may not be of importance 
depending on the voltage at which the transformer is operated. 
If the insulation of the transformer operates at a low factor of 
safety the wave shape of the voltage is of great importance and 
for this reason an explanation as to how a non-sinusoidal Y-phase 
voltage may be obtained is given. 

It was demonstrated in Article 42 that the exciting current 
required to produce a smusoidal flux in an iron core must contain 
an appreciable third harmonic. No third harmonic current can 
be supplied by a balanced three-phase source for the simple reason 
that the third harmonic currents in the phases of a Y-coimected 
load are in time phase; i.e., they must flow toward or away from 
the neutral at the same time. The omission of the third harmonic 
in the exciting current results in a flat-topped flux wave contain¬ 
ing a third harmonic (this may be demonstrated by reversing the 
process in Jig. 29; i,e., assume a sme-wave current and obtain 
the flux wave). A flat-topped flux wave produced a peaked 
phase voltage wave (the maximum voltage depends on the 
maxirmiTn rate of change of the flux which is greater for a flat- 
topped wave than for a pure sine-wave representing an equal flux) 
whose crest value may endanger the Y-phase insulation. 

If a neutral connection is provided, or if either the primary 
or secondary windings are connected in closed delta, a path is 
obtained for the circulation of the third harmonic in ttie exciting 
current. Under these conditions sine-wave voltages across the 
primary windings produce sine-wav^ voltages across the different 
phases and across the secondary terminals. 

Open delta or V-connection.—In transforming from three- 
phase to three-phase it is sometimes economical to use two instead 
of'three transformers. The windings of the-transformers are 
connected^ as Aown m Fig. 41a; the connection resembles the 
A-connection with one of the transformers left out. If the primary 
windings of the transformers are connected to a balanced three- 
phase supply, the load voltages Fi's', Yya'j and Vs'i', are approx¬ 
imately equal and 120 degrees out of phase (see Fig. 416). 

The outputs of the transformers may bo calculated when the 
voltages, currents, and power factors of the secondary windings 
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are known. Thus from Fig. 416 the current in the secondary 
winding of transformer A. in the sense 2-1 lags the voltage rise 
in the same sense by an angle of 30+0 degrees and the power 
output of this transfonner is 

Pii=F 2 il 2 i cos (30+0) = 77 cos (30+0) 




Fia. 41.—Open Delta Conneotion of Transformers 


• Similarly the output of transformer B is 

* PjB= 723/28 cos (30— 0) = 77 cos (30—0) 

The total power transmitted by the two transformers is 

P= 7J COB (30+fl )+VI cos (30-e) = VSVI cos 6 (11) 

The power rating of a dosed ddta connection using three instead 
of two transformers is 


P=37Icob« 


(12) 
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where V is the load voltage, and I the ouirent rating of each 
Kcondary winding. By comparing espresaions (11) and (12) it 
is apparent that three transformers ooimected in closed delta 
have 1.732 timea the rating of two of these transformers connected 
in open ddta. 

Two-phase to three-phase transformation (T-connection).— 
Sometimes it is necessary to operate two-phase apparatus on a 
three-phase power supply or vice versa. The* intercoimection 



may be accomplished by using two T-coimected transformers. 
Two similar transformers having 50,86.6, and 100 per cent grinding 
taps are used. The transformers are intercormected as shown in 
Rg. 42o. The voltage and current relations are shown by Rg. 426. 

The magnetic reactions of the secondary windings may be 
calculated when the currents through the windings are known. 
For a balanced three-phase load, in which the linp current is I 2 
lie magnetic reaction of the secondary winding of transformer A 
is proportional to the product (0.866 iVjs)Jj}. This quantity may 


r 
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be represented by a vector in phase with the current 7oi (Fig. 426); 
the vector lags the primary voltage Via by approximately 0 de¬ 
grees. Similarly the magnetic reaction due to the sedondary 
current of transformer B is proportional to the vector sum of the 
ampere-turns in tie two halves of the secondary winding. The 
ampere-tums in the portions of the secondary winding 3-0 and 
0-2 are each equal to ^^ 2 / 2 , but they are 60 degrees out of phase 
due to the fact that the currents 3-0 and 0-2 are displac^ by 
that angle. The resultant ampere-tums 3-2 are therefore equal 
to [(i ^^ 2 ) 72 cos 30]2=0.866 1 ^ 2/2 and may 
be represented by a vector approximately 
e degrees displaced from the primary voltage 
ViB> It follows that the magnetic reactions 
due to the secondary currents in the two 
transformers are equal and bear the same 
time phase relations to the respective prim¬ 
ary voltages and, since this is so, the loads 
on the two primary phases are identical. 

69. Three-phase Transformers.—Three 
identical single-phase transformers arranged 
as in Fig. 43a and placed in the same tank 
result in a three-phase transformer. When 
the primary windings of this transformer are 
coimected to a balanced three-phase sup¬ 
ply, the resultant flux through ^e centi^ 
leg of the core is zero, and t.hip part of the 
core may be entirely elimmated as shown in 
Fig. 436. This form of construction re¬ 
duces the amoxmt of material required 
for a ^ven power transformation. Fig. 44 
shows the actual arrangement of the core and the windings of a 
three-phase core-type transformer. A three-phase transformer 
is cheaper than three single-phase transfonners connected for 
equal power transformation, but a spare three-phase transfoimer 
costs considerably more than a spare single-phaBe transformer. 

60. Tertiary Winding.—^High-voltage three-phase transformers 
which are to be operated Y-connected are sometimes provided 
with a third winding. The third winding is called the tertiary 
winding and is deltarconnected. The object of this additional 
winding is to provide a path for the circulation of a third harmonie 
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current required to obtain einusoldal core flux (see Article 42). 
In Article 68 it is explained that the purpose in maintaining a 



(j9v ihB eovrtMU of the General Eleetne Co.) 
Fig. 44.—^Three-pihaae Tranflfonner 


sinusoidal core flux is to avoid excessive crest values in the Y-phase 
voltages. 
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61. Auto-transfonner.—In addition to the usual type of trana- 
former in which the windings form two separate insulated circuits 
there is another type known as the auto-transfonner in which the 
windings form a single electric circuit. 

Figure 46 shows how the winding of an auto-transformer is 
connected. A portion of the winding serves the double purpose 
of primary and secondary winding. For example, if the trans¬ 
former is used to lower the voltage, the turns between m-o con¬ 
stitute the primary winding and those between n-o the secondary 
winding. On the other hand, if the transformer is used to raise 
the voltage, the turns between vr-o serve as the prinoary winding, 
and those between m-o as the secondary winding. 

The ratio of transformation depends on the relative number 
of turns between m-o and tv-o. The winding is usually provided 
with taps enabling a ready change in 
the voltage ratio. When only one ratio 
is required the currents in the sections 
of the winding m-n and r\r-o are differ¬ 
ent and permit these sections to be wound 
with wire of diJBEerent sizes. The saving 
in copper by using an au^transfoimer, 46.—Auto-transfonner 

instead of a two-cirouit transformer 

is large whm the ratio of transformation is small (under these 
conditions only a fnyii>.11 portion of the winding oanies the total 
load current). 

62. Voltage and Current Relations in an Auto-transfonner.— 

Let JVi=turns between m-o. 

N 2 “turns between n-o. 

Fi=voltage between m-o. 

V 2 =voltage between n-o. 

Since all the turns liTiV the same mutual flux and since the 
resistance and leakage reactances of the windings are sm al l it 
follows that 

(approximately) (13) 

K2 -112 

Since 

Vi Ji cos 0 i = V 2 I 2 cos 62 (approximately) 



and since 


cos = cos 62 (approximately) 
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it follows that 
or 


(approximately) 

(approximately) 



Note that the current in the winding n-o is neither Ji nor 7a but is 
equal to the -vector difference of these quantities. If the ratio of 
transformation is small, 7i and Ja are nearly equal with the result 
that the current through the winding 7tr-o is small and consequently 
this part of the winding may be designed for small current capacity. 

The -winding between 
m-n must be designed 
to caxiy the total cuiv 
rent h. 

63. Power Sating 
of a Two-drcuit Trans- 
fonner Used as an 
Auto-transfonner Com¬ 
pared with that of a 
Two-circuit Trans¬ 
former to Supply a 
Given Load.—^Pig. 46a 
illustrates how a two- 
cirouit transformer may 
be coimected to operate 
as an auto-transformer. 
In this particular 
scheme the connections 

Peg. 4fl. —ConnectioiiB of an Auto- and Two- S^SODiadeastoob-tain 
oirouit TV n.Tigf nrTnftr to Supply a Given Load ® S-tep-doWu transform¬ 
er. Agivenloadrequir- 
ing Vi volts and 1 % amperes may be supplied by this auto-trans¬ 
former provided the winding No. 2 is designed for Vi-Vi volts 
and 7i amperes. The rating of the transformer required for the 
purpose depends on the voltage and current requirements of this 
winding. Thus, the rating of the two-circuit transformer con¬ 
nected as an auto-transformer required to supply the given load 
may be expressed by the relation 







Pa=(F i—F2)7 i volt-amperes. 
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The rating of the two-cirouit tranaformer required to supply the 
same load is 

Pt = F 2/2 = Fi/i volt amperes. 

From these relations it follows that the relative ratings of the 
two transformers may be represented by the ratio 

Rating of auto-transformer _ Fi —1^2 
Rating of two-circuit transformer”” Vi 

The saving in tranaformer capacity by using an auto-trans¬ 
former depends on the ratio of the primary and secondary volt¬ 
ages. If the secondary voltage is almost equal to the primary 
voltage a great saving is effected by using an auto-transformer. 

64. Uses for Auto-transformers.—^Auto-transformers are used 
where the ratio of transformation is small, and where a metallic 
connection between the high- 
voltage and low-voltage side 
is no serious objection. This * 

type of transformer often 
takes the form of a compen¬ 
sator used for starting poly¬ 
phase induction or polypto 47._^tartmg Compeimtor for a 
synchronous motors (see Rg. Polyphase Motor 

47). Auto-transformers are 

also used for furnishing the neutral in Edison 3-wire systems and 
for regulating the feeder voltage of a-c. transmission systems. 

66. Ihductiion Regulator.—^An induction regulator is an auto¬ 
transformer in which the mutual ffux of the primary and secondary 
windings may be altered by shifting the relative positions of these 
winding. The purpose of an induction regulator is to maintain 
the voltage at a given location at a certain definite value by 
raising or lowering the feeder voltage according to the require¬ 
ments. The stator winding shown in Fig. 48a is coimected in 
series with the feeder and the rotor winding (the hi^-voltage 
winding) shown in Fig. 486 is shunted across the line. Fig. 49 
diows how these coimections are actually made. The short- 
circuited winding c reduces the series impedance of the regulator 
when the rotor is located in the no-boost or buck position. 

The rotors of induction regulators are usually tmned by small 
induction motors located on the top of the regulators. The action 
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of these motors may be controlled by a system of relays. In 
other words automatic operation is possible and is usually used. 

66. Constant Current Transformer .—A constant current trans¬ 
former is a transformer in which the current in the windings is 
nearly constant throughout a wide range of load impedances. 
The transformer is constructed as shown in lig. 50. The sec¬ 
ondary coil is &ee to move toward or away from the primary coil 
and tiie major portion of its weight is counterbalanced by the 
wdght W. 



(By Uu eovrUiV fl/iAa Chneral Blsatrio CoO 

Fig. 48a.—Stator Winding of a Polyphaee Induction Regulator 


In actual operation the lea>kage magnetic fields produce a 
force of repulsion between the two coila and the secondary ooU is 
lifted to a position where the resultant force acting on it is zero. 
One of the limiting positions of the secondary coil (coils close 
together) is obtained when the load has a relatively hi g^ impedance 
and the other limiting position (coils far apart) is obtained when 
the load has a low impedance. In normal operation the current 
in the windings is determined by the magnitude of the counter 
weight. If the current changes sli^tly from its normal value the 
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magaetio repuMon between the ooilfl changes, the secondary coil 
moves to a new position where the flux linking the winding is 
different. The action is such that a change in current produces 
an opposite change in the e.m.f. which 
produces the current with the result that 
within certain limits of load impedfCnoes 
the current remains nearly constant. 

The chief use for constant current 
transformers is for furnishing power to 
series street-lighting systems. If in !Fig. 

50 an additional lamp is cormected in the 
circuit, the current momentarily decreases, 
the windings move closer together, the 
secondary e.m.f. becomes higher, and 
the secondary current tends to assume 
its former value. Similarly a reduction 
in the number of lamps in the circuit 
results in a lower ejn.f. and approxi¬ 
mately the same current. 

67. Instrument Transformers.—^Meas¬ 
uring instruments are usually designed 
to give fuU range deflection at 150-300 
volts and at 5-10 amperes. In order to 
make measurements on high-voltage 
circuits it is necessary to use transformers 
whose ratios of transformation and phase 
angles are definitely known. The trans¬ 
formers and measuring instruments are 
cormected as ^own in Mg. 51a. 

The true voltage, current, and power 
in. the circuit can only be obtained by 
multiplying the meter indications by 
certain factors which depend on the ^ ^ ^ ^ , 

ratios and phase angles of the mstru- induction Regulator 
ment transformers. 

The primary winding of a current transformer is connected 
in series with the circuit in which the current and power are to be 
determined and its secondary winding is connected in series with 
the ammeter and current coil of the wattmeter. The ratio of the 
[Primary current Ii to the secondary current la is called the ratio 



(By iha eaurteay of tho Om&ral 
Sleqtne Co,) 
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ft—lerles winding 
b-diunt winding 
c—diort-clrciilted winding 

Fla. 49 .— CJonnectioiis of the "Windings of an required 
Induction Regulator 


of the current transformer and the angle between the current 
Ii and J 21 (secondary current referred to the primary winding) 
is called the phase angle of the transformer. The exciting current 

(Ii-Iai) of a current 
transformer depends 
on the secondary load 
current and the im¬ 
pedances of the am¬ 
meter and wattmeter 
connected to its sec¬ 
ondary winding. For 
this reason the ratio 
and the phase angle 
of a given transformer 
are not constant and 
calibration curves are 
for these 

quantities. 

The primaiy wind¬ 
ing of a potential transfonner is connected across the circuit of 
which the voltage is to be measured and the secondary winding 
is connected across the voltmeter and potential circuit of the 
wattmeter. The ratio of the 
primary voltage to the secondary 
voltage is called the ratio of the 
transfonner and the phase angle 
between the primary voltage and 
the secondary voltage r^erred to 
the primary winding is called the 
phase angle of the transformer. 

On account of the imperfections 
in the transformer neither the 
ratio nor the phase angle are con- 

staat aad for this reason calibra- SQ.-Constant CWt IW 
. j former 

tion curves are required. 

Assuming that the measuring instruments are accurate; the 
true current, voltage, and power may be obtained as follows: the 
true current in the circuit 



Stqrlj' 


Ji=72l7c 
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where la is the ammeter indioation and Va is the ratio of the cur¬ 
rent transformer. 

The true voltage across the circuit 


Vi = VaUj> 


where Va is the voltmeter indicatian and Up is the ratio of the 
potential transformer. 

The true power in the cLrcuit 

Vilt COB cos 


where Vala cos 6^ is the wattmeter indication, Uo and Up are the 



Feg. 61.—CoimectionB of loBtrumeat Transfonnets and Veotor Diagram 


which takes into account the phase an^^e errors in the transformers. 
The relation between 0 i and O' may he expressed as follows 

fli=^+/5+-y 

where 0 ' is the phase angle between Va and 7a; P is the phase 
an^e of the current transformer; and 7 is the phase an^^e of the 
potential transformer. 

A veotor diagram showing the voltage and current relations is 
given in Fig. 515. Note that the voltage Vi is assumed to lead 
the voltage Vai and the current lai is assumed to lead the current 
7i. This is usually the case in transformers. 



86 


mANSFOKJ^£ER APPLICATIONS 


PROBLEMS 


1. An impedance having an equivalent resistance of 10 ohms and an 
equivalent inductive reactance of 3.2 ohms is connected in parallel with 
another impedance having 8.1 ohms resistance and an adjustable reactance. 
The vector sum of the currents through the impedances is 200 amperes, 
(a) How must the currents be proportioned to obtain the minimum power 
loss in the impedances? (&) Prove the relations used in solving part a. 

2 . Two 1^,000 to 6000-volt, OO-cycle transformers are operated in parallel 
on both the primary and secondary aides. The following things are known 
about the transformers; 


Bating 


2000 Kv-a. 


Eff. resistance of high-voltage 

winding. 

Eff. resistance of low-voltage 

winding. 

Iron loss. 

No-load current. 

Beaotance drop. 

Turn ratio. 


20.00 ohms 

0.07 ohm 
23,900 watts 
7.2 per cent 
8.80 per cent 
28 


6000 Kv-a. 

12.20 ohms (at op. temp.) 

0 023 ohm (at op. temp.) 
41,360 watts 
7.0 per cent 
8.2 per cent 
28 


The load voltage is maintained constant at 6000 volts. 

CsJculate: (a) the current circulating through the secondary windings at 
no-load; (&) the primary voltage, current, and power factor of each trans¬ 
former when the combined load is 7000 kv-a., 90 per cent lagging power factor; 
and (c) the nature of the impedance which must be connected in the second¬ 
ary leads of one of the transformers so as to make them share the load properly. 

8. Two identical transformers are connected in open-delta on the primary 
and the secondary sides. The secondary windings are connected to a bal¬ 
anced three-phase load requiring 628 kv-a. at 660 volts. The power factor of 
the load is 86 per cent lagging, (a) Calculate the kv-a. ratings of the trans¬ 
formers required to supply this load, (b) Calculate the power factor of each 
secondary winding, (c) How many answers are possible in part (b)? (d) 
Draw a complete voltage-current vector diagram showing the voltage and 
current relations in part (b). 

4 . Two identical stepniown transformers are used for the purpose of 
transforming from two-phase to three-phase, h^ch secondsjy winding is 
provided with 86.6, and ^ per cent winding taps. The secondary windings 
are T-oonnected and supply a 760-kv-a., balanced three-phase, 90 per cent 
lagging power factor load. The load voltage, measured at the terminals of 
the tranafoimers is 440 volts. The turn ratio is 6. (a) Calculate: (1) the 
output of each secondary winding; (2) the current and power factor of each 
pnmazy winding. (Assume that the no-load current of the transformers is 
negligible.) (o) Construct a complete voltage-current vector din£ro.Tn show¬ 
ing all the possible voltage and current relations. 

6. A load requiring 800 kv-a. at 560 volts must be supplied from a 440-volt 
source. Determine the relative capacities of on auto-transformer and a two- 
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circuit tranfifoimer oonneoted as an auto-tranafonner required to supply this 
load. 

6. An ammeter, voltmeter, and wattmeter are connected for measuring 
the power and the power factor of a sin^e-phase load. The voltage and the 
current are stepped down by instrument transfoimeis (see Pig. 61). The fol¬ 
lowing things are known: 

Wattmeter indication 67 watts (the wattmeter is accurate when no 
instrument transfoimers are used to supply it); 

Ammeter indication, 2.1 amperes (accurate); 

Voltmeter indication, 116 volts (accurate); 

Marked ratio of voltage transformer 10; 

Marked ratio of current transformer 8; 

Ratio and phase-angle of voltage transformer obtained from calibra¬ 
tion curves; ratio 9.0, phase-angle 0.16 degree (referred secondary 
voltage lags primary voltage); 

Ratio and phase-angle of current transformer obtained from calibra¬ 
tion curves; ratio 8.10, phase-angle 1.2 degrees (referred secondary 
current leads the primary current). 

(a) Calculate: (1) the line voltage and the line current; (2) the apparent 
power and power factor of the circuit (no correction made for ratios and phase- 
angles); (3) the true power and power factor of the oirouit; and (4) the per 
cent error in the power indication of the wattmeter due solely to the phase- 
angle errors of the instrument transformers. 

(h) Given: total power transmitted 20 kilowatts; line voltage 1100; 
and power factor unity. ,Calculate: (1) ammeter indication; (2) voltmeter 
indication; (3) wattmeter indication; and (4) the percental^ errors in (1), 
(2), and (3). [(Assume the true ratios and phase-an^es the same as in part (a).] 
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ALTERNATING-CDIURENT GENERATOR 

68. A-c. Generator or Alternator.—^Mg. 62 represents an arc. 
generator in one of its siinplest forms. The essential parts are 
a Tnngnft t and an electric circuit. In order to obtain generator 
action a relative motion must take place between these parts. 

The direction of the magnetic field throu^ the electric circuit 
ABCD is up or down, depending on the position of the revolving 

magnet. The repeated reversal 
of the field through the circuit 
induces an alternating e.m.f. 
in it. The time wave shape 
of the e.m.f. depends on the 
space wave shape of the 
magnetic field. The frequen¬ 
cy of the e.m.f. depends on 
the number of poles and on 
the relative speed of the field and armature. The r.m.B. value 
of the em.f. depends on the magnitude of the field, the wave shape 
of the field, the kind of armature winding, and the relative speed 
of the field and armature. 

In Fig. 52 the armature is shown as statiomiry and the field 
as revolving. This is the usual form of construction used on large 
maohmes. Small alternators used in machinery laboratories are 
usually equipped with armatures that may be rotated in stationary 
fields. 

69. Revolving Armature T^e of Alternator.—In this type of 
construction the total power generated in the armature must be 
ooUected by brushes bearing on coUectoivrings. Since hiding 
contacts are unsatisfactory when the power is large or when the 
voltage is hi^^ this type of construction is limited to small machines 
only. The revolving armature type of alternator is similar to a 
d-o. generator, the main difference being that the commutator 
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ia replaced by oollector-iingB. The number of oollectoiyringB 
depends on the number of phases; a single-phaae machine requires 
two rings and a three-phase machine three (see Figs. 63a and 6). 

The field winding is excited by a separate d-o. generator or by' 
a storage battery. Altemating-ourrent excitation cannot be 
used on account of the difficulty involved in producing a large 
alternating-flux. 

70. Revolving Field Type of Alternator.—^All large alternators 
are equipped with revolving fields, the reason being that only a 
amn.11 power (the field exciting power) must be supplied tbrou^ 
collectoi^rings. 

Load Load 

A A M A^ 



Single phoie Threejdiaae 

(a) (h) 

Fiq. 53.—Revolving Aimatuie Type of Alternator 


The revolving fields may be equipped with many or few poles, 
depending on the speed and the frequency desired. Alternators 
driven by reciprocating engines or by water wheels operate at 
relatively slow speeds and require many poles. Turbo-alternators 
operate at high speeds usually have two or four poles. 

71. Slow-speed Alteimtors.—^Fig. 54 represents a partly 
assembled engine-driven alternator. The stator (the armature) 
is made of laminated iron which is supported by an iron frame 
work. The armature winding is embedded in the stator dots 
and is distributed uniformly around the inside periphery of the 
stator. 


00 


ALTBRNATESTG-CUBIIENT GENEBATOR 


The rotor (the revolving field) has laminated iron poles which 
are securely bolted to an iron spider. The field coils are wound 



{By the courteay of the WeRtinohouae CoJ) 

Fig. 54.—Engine-type of Alternator 


with strap copper and have the appearance of the coil shown in 
Fig. 55. This type of field winding is used, because it is readily 
cooled (one edge of the copper strap is exposed 
to the cooling air) and because it is mechanically 
very strong. 

72. High-speed Alternators.—^Fig. 56 repre¬ 
sents a partly assembled highspeed alternator 
Fig. 66. — lidd taown as a turbo-generator. All steam turbines 
Ck^ Wound with Qpgj^^g relatively hi^ speeds and for this 
reason the generator which is driven by the 
turbine must be specially constructed to operate at these speeds. 
For exomplej the rotor is subjected to centrifugal forces which 
are very great and for this reason its diameter must be kept small 
and its field winding must be thoroughly secured. 
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(By the courtesy of the Oeneral Meetrio Co.) 

Fig. 67.—^Rotor of a Turbo-generator 
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A typical rotor ia shown in Fig. 67; its length is considerably 
greater thAn its diameter. Non-salient magnet poles are used and 
the field winding is embedded in several dots (Fig. 68) so as to 
obtain an approximately sinusoidal field form. The field is 
wound with strap copper, is mica insulated, and is secured in the 
rotor dots by metallic wedges. The end connections of the field 
winding are secured by metallic rings having a low magnetic 
permeability. In short the rotor is constructed for mechanical 
strength, sine-wav^fiddiojroj a small amount of air friction, and 
for nainimumTnbise in operation. 

I 



generator 


The armature is wound with diamond-shaped coils. Each 
coil has one or more turns and each turn usually has several con¬ 
ductors in parallel. The kind and quantity of insulation on the 
turns and coils depends on the voltage and on the operating 
temperature. Mica is one of the best materials available for 
insnlating armature and field windings. 

73. Inductor Alternators (Figs. 69a and 696).—Inductor slter- 
nators are revolving field alternators in which the exciting winding 
is stationary and no sliding contacts are required in either the 
field or the armature drcuits. The chief difliculties with this type 
of construction are that two armature windings are required and 
that the full benefit of the flux in generating e.m.f.'s is not obtained. 
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The flux through armature winding A pulsates between the 
values of 0 and and that through winding B between the 
values 0 and <f>s. A pulsating flux induces only one-half of the 
voltage induced by an alternating-flux of the same Tnayimnni 
value. For this reason inductor alternators require more armature 
and Add material than the usual type of alternator and are used in 
special applications only. 

74. Alternator Armature Windings.—In order to distribute the 
heating over as large a surface as possible, alternator acmature 
windings are always located in many 
armature slots. The slots are uni¬ 
formly spaced over the entire surface 
of the armature. Each phase of a 
polyphase generator occupies several 
slots per pole per phase and all phases 
combined occupy the total available 
winding space. In Eon^e-phase ma¬ 
chines some of the armature slots are 
left vacant for the reason that it is 
uneconomical to make the width of 
one phase band 180 eleotiical space 
degrees (see Article 79). 

The power rating of an alternator 
depends on the current and voltagC 
rating of its armature winding. The 
current rating of the armature is de¬ 
termined by the heat developed in 
the generator which in turn depends 
on the actual current delivered and on the power factor of the 
load. The voltage rating depends on how the machine is wound. 

Alternators are wound so as to obtain a nearly ^usoidal 
voltage wave and a high power rating for the quantity of material 
used. A given armature winding connected for polyphase opera¬ 
tion has a hi^er power rating than the same winding connected 
for E^agle-phase operation. For example a mesh-wound single¬ 
phase alternator like that in Fig. 53a having a rati^ of 3 kv-a. at 

100 volte will have a rating of Vl(100X0.866) (l^) 

=3.9 kv-s. at 80.6 volts when connected three-phase as shown in 
Fig. 63b. ' 



(b) 

Fig. 59.— ^InductoT Alternator 
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A typical annature winding for a 4-pole, Y-oonnected, three- 
phase alternator ia shown in Kg. 60. In this particular winding a 
given coil spans fn- electrical space radians and the coil pitch is 
said to be Itt. The number of coil groups in a given phase is equal 
jj to the number of 

magnet poles and 




Fig. 60.—Armature 'Winding of a Three-phaae 
Generator 


for this reason the 
winding is said to 
be a full-coil wind¬ 
ing. 

76. Methods 
Used for Cooling 
Alternators.—The 
capacity of an a-o. 
generator is limi¬ 
ted by the maxi¬ 
mum safe operat¬ 
ing temperature. 
AH a-c. generators 
are air-cooled. 
Small generators 
of the open type of 
construction are 
readily cooled by 
the fanning action 
of the rotor. High- 
capacity genera¬ 
tors are difficult to 
cool; the air must 
be forced through 
the generator by 
a special fan. 

The quantity 
of cooling air re¬ 
quired to keep a 


maybe^^tedonthebafliBthatalHlowattloaB^i^'fOTlLi^^ 

temperature of 90 cubic feet of air 20® C. On this baais 
(a 20 naem temp^ture) a generator deUvering 20,000 kflowatts at 
96.7 per cent efficiency requires 59,400 cubic feet of air per minute 
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Ei^-capaoity generatois usually operate at relatively 
temperatures. It is not uncommon that the insulation of the 
windings is subjected to temperatures as high as 150° C. This is 
one of the Tna.iTi reasons why mica insulation is used. The operat¬ 
ing temperatures of large generators are determined by thermo¬ 
couples located in the generator at places where the temperature 
is likely to be the highest. 

There are three schemes used for cooling or ventilating generar 
tors, namdy: radial ventilation, circumferential ventilation, and 
ftTrinl ventilation. The three methods are illustrated by Figs. 61a, 
61b, and 61c. In any particular machine a combination of the 
me^ods is usually used. In radial and circumferential ventila- 



RiirilBl VantUfttlon CfaoiimfarentlBl Vontflitllan Axial Ventflalloii 

Fiq. 61.—^Methods for Cooling Oenerators 


tion the cooling air is blown along the surface of the laminations 
while in axial ventilation the cooling air is blown across the lamina¬ 
tions. Both radial and circumferential ventilation require that the 
heat generated in the stator iron be conducted across the laminar 
tions to the air ducts. The heat conductivity across a stack of 
laminations is only about 10 per cent of the heat conductivity along 
the laminations. From this standpoint the axial method of 
ventilation which requires that the heat be conducted along the 
laminations to air passages is preferred. 

Foreign matter suspended in the cooling air is likely to clog the 
air passages and ruin the insulation of the windings. For this 
reason the air is sometimes washed by passiag it through sprays 
of water. Washing not only cleans the air but also lowers its. 
temperature and increases its humidity. AU of these factors 
result in a higher safe power rating for the generator. 
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THEORY OP OPERATION OF ALTERNATORS 

76. Frequent of the Voltage Generated by an Alternator.— 
The flux through a given armature coil reversea every time the 
coil pasaes over a field pole. Since two complete reversals of the 
flux are required to generate a complete cydo in the e.m.f. wave 
it follows that the frequency of the e.m.f. generated by an alternator 
having p poles and making n r.p. 8 . is 

f = 2 ’* per sec. ( 1 ) 

The standard frequencies now employed in this country are 
26 and 60 cycles per sec. Twenty-five cycle current is unsatis¬ 
factory for lighting, but both frequencies are satisfactory for 
power transmission and power utilisation. Most of the recent 
power installations favor the 60-oycle frequency. 

77. Voltage Generated in an Armature Coil.—^In order to cal¬ 
culate the voltage generated in an armature coil it is necessary to 
know the number of turns in the coil, the coil pitch, the flux per 
pole, the space distribution of the flux, and the speed of the rotor. 

Let Ns°=number of jurns in an armature coil; 

a=coil pitch measured in electrical space radians 
(the distance between centers of adjacent poles 
is V electrical space radians); 

Jaseffeotive length of armature coil (the part which 
cuts the flux); 

and Bi, £ 3 , Bs=the maximimi flux densities due to the funda¬ 
mental, third harmonic, and fifth harmonic in 
the space distribution of the fidd in the air-gap. 

The armature in Fig. 62 is assumed to rotate, to the right and 
at a speed of 2 Tf^n^ electrical space radians per second. fliTina 
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the fiequenov of the e.m.f. generated is equal to |n, it follows, 

that at a given time the speed of the armature in electrical ^ace 
radians per second is numerically equal to 2irf electrical time 
radians of the induced e.m.f. per second. 

The flux density in the air-gap at a point P located at a distance 
X from the reference axis YY, drawn through the center of a 
north pole, is 

CB,=Bi cob +Bz cos 3(a:±«8) +56 cos 6(a!±fl6) (2) 



Stationary Field 


Fig. 02. —Section Through the Armature and Field of a Gtoerator 


An assumption is made that the wave form of the field contains 
no even harmonics. The basis for this assumption is that the 
airgap under each field pole is the same and that the machine is 
symmetrically constructed throu^out. 

The total flux linking the armature coil for any position of the 
armature is 






’/ . 

ul_ H 

2 




(3) 


Since the total flux linking the armature coil due to the nth 
harmonic is 


I 

J , a 


5» cos n(®±tf0d®=i-lB» sin ^ cos n(wf±^n) (4) 


It foUowB that the flux linking the coil due to all the harmonics is 


J sin I cos («i±^i)+^ sin ^ cos 3(«<±fl8) 

+^ sin ^ cos 5(w<±08)-rotc.j 


(6) 
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The voltage generated in the armature coil due to the nth. 
harmonic in the space distribution of the flux is 


^no' 


= =2(oZiV,5„10-8 sin ^ sin n(utd=dn) (6) 


and the instantaneous e.m.f. due to all the harmonics is 
C,=2ci>2iV^elO~®^Si sin I sin ((dzt6i)+Ba sin ^ sin 3(w^±^s) 

+B6 sia^sin6(«/±Ss)+etc.J (7) 

r-T 

The product 2lBi is equal to the quantity Z I cos xdx 

~T 

and represents the inftvimiim flux linking a full-pitch armature 
coil due to the fundamental wave in the space field form. This 
product may be called the fundamental flux per pole; i.e., 2lBi = <l>ip, 
Similarly 2lBa = etc. 

The e.in.f. generated due to the fimdamental in the field 
form is 

eit =sin ^ sin (wtzfc di) (8) 

and the r.m.s. value of this e.m.f. is 

sin |=4.44iV,/.Ai,10-8 sin | (9) 


If tho coil sides are tt electrical space radians apart, sin 
and the r.ni.s. value of the e.m.f. becomes 

Eu^4:.iiNaf<l>iplO-^ ( 10 ) 

The student should compare this equation with that derived 
for the induced e.mi. of a transformer. 

78. Elimioation of the Harmonics in the E.M J'. Wave of an 
Alternator.—A study of equation (6) shows that any coil pitch 

which makes the product — eqjjj^l to kw where is an integer, 

results in the elimination of the nth harmonic in the e.m.f. Thus 
by making the coil pitch -Jr or -Jr the third harmonic may be 
elinainated. Similarly, by making the coil pitch fr, frr, or 
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fv the fifth harmonio may be eliminated. The coi^ ‘‘y^jWjJJTTSMiUl.UU ■— 
be SO chosen that the coils span approximatdy ir el^^dSl 
radians. Coils having a very short or a very long 
unsatisfactory because by their use the 
fundamental in the e.m.f. wave “is 
greatly reduced. 

79. E.M.F. Generated in a Coil 
Group.—coil group consists of several 
coils located in adjacent slots and con¬ 
nected in series. The e.m.f. generated 
in a coil group depends on the e.m.f. 
generated in a coil, the number of coils 
in the group, and on a factor which is 
determined by the way the coils are 
distributed in the slots. 

Figure 63 represents a coil group 
having in coils connected in series. 

Corresponding coil sides of adjacent Coils are placed in adjacent 
slots. The distance between adjacent slots is 



Fig. 63.—Coil Group 



. p360 


(U) 


electrical space degrees. Where 
S represents the number of 
slots and p the niunber of poles. 

If the space distribution of 
the air-gap fiux is a sine-wave, 
the e.m.f.’s in coils 1 and 2, 2 
^ and 3, etc., are S time degrees 
out of phase and the e.m.f. 
across the terminals ST of the 
coil group is equal to the 
vector sum of the e.m.f.’a in 
the coils. Thus, if in Tig. 64, 

Fia. 64 .-VeotorDia«ramShowiBgHow the vector Ti. represents the 
to Determine the Voltage Generated in r.m.S. value of the e.m.f. m one 
a Coil Group coil then the total e.m.f. across 

the coil group is equal to the 
vector PQ. This e.m.f. is less than the quantity mEu which 
represents the e.m.f. when all the coils belonging to the group are 
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concentrated in the same dots. A factor by which the quantity 
mEic must be multiplied in order to obtain the true terminal 
e.m.f. of a coil group is obtained as follows: Referring to Fig. 64 it 
may be shown that 

. mb 
Bin-s- 

PQ^E,c — r (^ 2 ) 

=tol 


and that the factor 


^2 = 


PQ 

mEy, 



. 5 
OTSin^ 


(13) 


represents the factor desired. 

The r.m.B. value of the e.m.f. generated in a coil group due to 
the fundamental in the field form now becomes 


Eict=4:.4ANaf<l>ip{m) sin 



(14) 


80. The Phase E.MJ'. at an Alternator.—^An alternator is 
usually wound so that the ejn.f.’B of the respective coil groups 
are equal. The phase e.m.f. is therefore equal to the e.m.f. per 
coil group times the number of coil groups per phase (the e.m.f.’s 
in the coil groups belonging to a given phase are usually in time 
phase). 

Let N => total number of turns per phase 
=1V,X (m) X (coil groups per phase) 

TT • CL 

jBTi^sm^ 


K2 



. s 

fresm^ 


and ^i=the phase e.m.f. due to the fundamental in the space 
distribution of the field flux. 

Substituting the proper values in equation (14) we obtain for 
the phase voltage 

Ei’=4.44NUipKiK2lO-^ (15) 

To determine the phase e.m.f. due to the nth harmonic in the 
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space distribution of iiie flux it is necessary to modify equation 
(15) as follows: 


S«*4.442V/^„pSin 



(16) 


Note that in this equation / is the frequency of the e.m.f. due 
to the fundamental in the space distribution of the flux and not 
the frequency of the harmonic under consideration [see equa¬ 
tion (7)]. 

81. The Phase Termitial Voltage of an Alternator.—^The phase 
terminal voltage of an alternator for any given load depends on 
the phase e.m.f. due to the air-gap flux and on the phase voltage 
drops due to the resistance and leakage reactance of the winding. 
Phase terminal voltage rise may be expressed by the relation 

— (17) 

where 

.£r"i=phase e.m.f. due to the resultant field in the air-gap. 

(The e.m.f. is taken positive in the an-mft sense in 
which the armature current is taken as positive.) 

nil=armature phase effective resistance drop. 

Xili=armature phase leakage reactance drop. 

The right-hand member of equation (17) may be modified so 
as to obtain the relations 

Y 1 —(n (18) 

or 

Yi=W"i-rili ■ (19) 

where 

E'l =annaturephaee e.m.f. at no-load (no armature current). 
This e.m.f. is often called the excitation e.m.f. 

Xili=voltage drop per phase due to an e.m.f. which is set 
up by the flux produced by the armature current 
alone (no field current). This drop may be 
resolved into two components, one due to the 
leakage flux (the zili drop) and the other the 
armature reaction voltage drop Yar due to the 
armature reabtion field produced by the armature 
load current. 

E'"i=armature phase e.m.f. due to all the flux linking an 
armature phase. 
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82. Voltage-Ctixreat Vector Diagram for an Alternator. 
Fig. 65 is a vector diagram showing the voltage current rela- 

tions given by equations (17), (18,) 
/C I and (19). 

/^ I^m the theory of the trans- 

, fyj former in Article 36 it follows that 

' ' X I the drop * 1/1 due to the armature 

/leakage flux is 90 time degrees ahead 
/ armature current, but it does 

iiot follow that the voltage drop Vv 
^ due to the armature reaction field 

- 1 -^ 7 , bears a similar phase relation to 

Fro. 66.—Vector DiagTaiii for a armature current. In order to 

Phase of an Alternator determine the armature reaction volt¬ 
age and its phase rdations it is 
necessary to determine the nature of the magnetic field produced 
by the armature currents acting alone. 

83. Magnetic Field Produced by a Polyphase Current in a 
Polyphase Armature Winding (see Article 139).—The discussion 
which follows applies to the three-phase armature winding repre¬ 
sented by Fig. 66 . The machine is assumed to have non-s^ent 



Motion of 
MalhFldd 


<A]x^gBp 

Awwii l ir m 


Fio. 66.—^Duigram Showing Three-phase Anoature Winding and the Com¬ 
ponent Magnetio Fields Produced when Positive Currents ii and ii| are 
Established in the Three Phases 


&eld poles ajid its armature is so wound that a current set up in 
any one phase produces a sine-wave field form in the air-gap. A 
ungle coil shown in the figure represents; in reality; a coil 
5 roup. 
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A steady current ii entering phase 1 through terminal (1) 
produces a sine^wave fidid form in the aiivgap whose TTiSiTrimum 
density is (Bim* A steady current of value fa entering phase 2 
through terminal (2) produces a sine-wave field whose Tnaximum 
density (B 2 n is displaced 120 electrical space degrees from the 
maximum density (Bm. Similarly a steady current fs entering 
phase 3 through terminal (3) produces a sine-wave field whose 
maTiniuTn density (Bsm is displaced 120 electrical space degrees 
from (Bam- 

The fiux density at any point P located z electrical space 
degrees from the center of coil c is 

(B,<= (Bim cos aj-[-(Bam cos (i—120)-I-(Bam cos (a-f120) (20) 


If the currents ii, fa, and fa are constant the maxiTnum flux 
densities (Bm, (Bm, and CBam are also constant and the resultant 
field due to these currents is fixed in position relative to the 
armature conductors. 

If the currents fi, fa, and fa vary sinusoidally with time, have 
the same maximum values, and are 120 time degrees out of phase it 
is permissible to assume that 


and 


fi=/m sin (o>t—8f) 
fa=/» sin (wt—120) 
fa=/* sin (at—0f+ 120) 


where ui and $f are expressed in eleotrioal time degrees. The 
angle 0/ corresponds to the angle 0/ in Fig. 65. (Note that the 
phase rotation of the currents is the same as the phase rotation 
of the generated e.m.f.’s.) 

Since the major portion of the rductance of the magnetio 
circuit is in the air-gap, it follows that 


(Bim=B sin (at—df) 
(Bam=S sin («i—0/—120) 
(Bamsin (wi—0/+12O) 


where B represents the maximum flux density due to the niftviTinnm 
current (7m) in a given phase. 
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Substitutmg these relations in equation (20) we obtain for the 
flxix density at the point P the following relations: 

(B,=sjB[sin ((d—B/) cos x+ sin (ut—120—0/) cos (®—120) 
-|-ain (ci)t"l"120“"^/) cos (3:”bl20)] (21) 

sin («i+®—fl!f)+sin («<—*—5/)+ 
sin (wi+s—240—(?/)+sin (wi— x — B^-\- 
sin (wi+®+240—fl/)H-8in (eut—®—5/) 

=fB sin («f—a:—9/) (22) 

[Note that sin (j/)+sin (j/—240)+sin (y+240)=0] 

If we assume that point P travds around the armature con¬ 
ductors in the same direction as the main field and in such a way 
that in a given time the electrical space degrees covered are equal 
to the electrical time degrees of the current, and if we assume 
that at a time t=0 this point is located a distance Xq from the 
center of coil c it follows that 

(B, => fB sin [<d— (wf-f-ak))—S/] 
or 

Cij,= —fB sin (xo+$f) (23) 

(Note that a:o is also the distance between the center of the south 
pole S of the main field and the point P at the time t=0.) 

Equations (22) and (23) ^ow that the fiux density at a point 
in the aiivgap of a three-phase generator is constant provided the 
point moves around the armature conductors at a speed (osSn/ 
electrical space radians per second and in the direction of rotation 
of the main fidd. This is equivalent to saying that the field 
produced by a balanced polyphase current in a symmetrically 
distributed polyphase armature winding rotates about the arma¬ 
ture conductors at a constant speed and has a constant space 
wave form (on account of the armatiu'e slots this statement is not 
strictly true). In a three-phase machine the maximum resultant 
field density is fB and is constant, where B is the maximum 
field density due to the maximum current in one of the phases. 

Figures 67a, 67b, and 67c are the component wave forms of the 
field due to the field current and the armature currents for different 
values of the angle Bj. The resultant field in the air-gap, neglect¬ 
ing saturation, is obtained by adding the two waves. 
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From Figs. 67a, 676, and 67c it is apparent that the fidd pro¬ 
duced by the armature current alone will either aid or oppose 
the field due to the field oiirrent alone depending on the iatemal 
power factor angle 6j. If the angle Of—0, corresponding to high 
internal power factor, the armature field (neglectmg saturation) 


Main ndd Rotation--^ 





©i B 


Ofm-Sao 

(c) 

Fig. 67.—Component Field Forms of an Alternator Delivering Power to 
Three Kinds of Load 


will neither magnetize nor demagnetize the main field poles. For 
a highly inductiye load, Bf positive, the armature field partly 
demagnetizes the main field, and for a condensive load, 0/ negative, 
the armature field partly magnetizes the main field. It is evident 
that in order to maintain the voltage of an alternator at its rated 
value, for a given armature current, it is necessary to have more 
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field current when the load is inductive and less field current 
when the load is condensive than that required for a unity power 
factor load. 

84. Electromotive Force Generated m an Armature Coil due 
to the Armature Reaction Field.—In order to determine an expres¬ 
sion for this e.m.f. it is necessary to obtain first an expression for 
the fiux linkiTig a coil. If we assume that coU c has a pitch of 180 
electrical space degrees and that the effective length of the arma¬ 
ture is I, Ihe flux linking this coil is 

• r+90* 

(24) 

Substituting equation (22) in equation (24) and integrating with 
respect to x, we obtain for the flux linking the coil 

4>c =f C2ZB) sin (««- Bf) (26) 

The e.m.f. generated in the coil due to this flux taken positive 
in the same sense in which the current is taken positive is 

e„= = -|i\r.(2IS)«10-8 cos 


aad the drop due to thiq e.m.f. taken positive in the same sense 
in which the current is taken as positive is 

0or=|iV«(2Z5) a)10~® cos (fiit—0/) 

=iN,(2lB) 0)10-8 sm (o)f-flH-90) 

The r.m.s. value of this drop is 

Tr _W2ZB)o)10-8 
y (aOoon-- 

The phase armature reaction voltage V„ is readily nnlnnla t^d 
[see equations (8)-(16)]. 

Since the coil under consideratiop belongs in phnfiA i and 
the current in this phase is sin (o)t—tf/) it follows from 

equation (26) that the voltage drop in thia coil due to armature 
reaction leads ^e current by 90 degrees. This proves that the 
armature reaction drop V„ in a phase of an alternator leads the 
current in the phase by 90 degrees and that it may be added 
directly to the leakage reactance drop xili as in Fig. 65. 


(26) 

(27) 
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86. Annature Phase Synduonous Reactance.—^The arith¬ 
metical sum is called the synchronous reactance drop 

Xili. The synchronous reactance may be defined by the relation 

= (28) 

The reason for calling this the synchronous reactance is that the 
voltage For is produced by a field cutting the annature conductors 

at a speed of electrioal space radians per sec., which 

represents the synchronous speed of the machine. 

86. Synchronous Impedance.—The synchronous impedance of 
a phase of an alternator is its impedance when the current in the 
phase has a frequency of / cycles per second and the machine is 

driven at a speed of n=— revolutions per sec. The synchronous 

impedance may be calcidated by the relation 

Zi = Vri2-t-Zi2 (29) 

where ri is the effective phase resistance and Xi the phase 
synchronous reactance. 

The effective resistance may be resolved into three components 
/i, r"i, and /"i. 


Where /i = resistance of a phase as measured by direct-current; 


and 




Hysteresis and eddy-current loss in a phase due to the 
leakage fiux in the iron surrounding the conductors 




Eddy-current loss due to the flux in the copper 
conductors of a phase 


(,Ji is the phase armature current.) 

In a-c. motors and generators the effective resistance of the 
-windings is considerably greater than the d-c. resistance. Natur¬ 
ally the factor by which the d-c. resistance must be multiplied to 
obtain the effective resistance depends on the design of the machine. 
In most problems it may be assumed that rj = 1.35r'i (approxi¬ 
mately). 
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The effective resietaaoe is difficult to measure, but it so hap¬ 
pens that extreme accuracy in its measurement is not required. 
The effective resistance is approximately one-tenth as large as 
the synchronous reactance and an error made in its measurement 
results in a much smaller error in the synchronous impedance. 

87. A hlethod for Measuring the Synchronous Impedance 
of an Alternator.—The synchronous impedance of an alternator 
operating at a given frequency is not constant, but depends on the 
saturation of the field and armature magnetic circuita. In other 
words, the impedance depends on the field and the armature 
currents. 

The best way for determinmg the synchronous impedance is 
to connect the armature of the alternator to a nearly zero 

power factor load and then measure the frequency 
/, the armature phase terminal voltage yi, the 
armature current h, the field current If, and 
the induced e.m.f. E'l in an armature phase due 
to the flux produced by the field current alone. 
(The armature phase e.m.f, B'l is called the 
excitation e.m.f. and may be obtained from the 
no-load saturation curve.) 

Fio. 88.— Voltage vector diagram in Kg. 68 gives the 

andCurrentRela- voltage and current relations in a plinja of an 
tions of an Alter- alternator when it is operated at approximately 
zero power factor. Under these conditions the 
gingPowerPW impedance drop is nearly equal to 

tPe arithmetical difference between the excita¬ 
tion voltage and the terminal voltage. That is 

ZiIi’=E'i — Fi (arithmetical difference) 

^1=^ (approximately) 

88. Methods for Determining the Voltage Regulation of an 

Mtemtor.—The per cent voltage regulation of an alternator is 
obtained by the relation 



Per cent TAgn1q.triOT Pioad^QQ 

Fioad 


(30) 


Wh^ 7,^ is the phase terminal voltage when the load is con¬ 
nected and is the phase terminal voltage at no-load. Both 
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of these voltages must be measured at the same frequency and at 
the same field current. 

The voltage regulation for a given load may be determined, 
(1) by actually loading the machine or (2) by calculation from 
curves obtained from no-load tests. The first method is applicable 
to small machines only, while the second method may be applied 
to machines of any size. (See A.I.E.E. Standardization Rules in 
regard to the methods for determining the voltage regulation of 
alternators.) 

Method (1) is self-evident and no further explanation of this 
method is required. Method (2) is based on the synchronous 
impedance determined from the no-load and the zero power factor 
saturation curves. 

The no-load saturation curve is obtained by operating the 
machine at rated speed and measuring the no-load phase voltage 
and the field current. The zero power factor saturation curve is 
obtained by loading the alternator on a highly lagging power factor 
(idle running under excited synchronous motor) load and at rated 
speed and rated armature current measure the armature phase 
terminal voltage and the field current. 

If the curves are plotted on the same sheet and to the same 
scale, using voltages for ordinates and field currents for abscissas, 
the zero power factor curve should on accoxint of the demagnetizing 
action of the armature be located under the no-load saturation 
curve. Fig. 69 shows typical curves obtained in this way. These 
curves show that for a given armature current the synchronous 
impedance drop is far from constant; it depends on the field current. 
Thus, the drop B'C' when the field current is small is much 
greater than the drop BC when the field is saturated. 

For zero power factor rated kv-a. load and for rated phase 
voltage the line AB represents rated voltage, AC the excitation 
or no-load voltage, and BC the synchronous impedance drop. 
For zero power factor rated kv-a. load. 

AC'-AB 

Per cent regulation=—— X100 

To determine the regulation at rated voltage, frequency, and load 
for any lagging power factor it is necessary to construct the dia¬ 
gram shown in Fig. 70. This diagram is obtained by constructing 
first the impedance drop triangle BCD, The line BD represents 
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the effective lesistsiice drop, end BC the ^nohronous iiDiped8Jioe 
drop. The Rtip. BC is equal to the distance BC in Fig. 69 and is 
so drawn that CD is perpendicular to BD. The line AB is equal 
to AB in Fig. 69 and is so drawn that it makes an an^e 6 with 
XX'. The quantity cos 6 represents the power factor of the 
load. The line AC is the no-load voltage. For this particular 



Fia. 60.—^No-load and Zero Power Factor Saturation Curves of an Alternator 

AC—AB 

load the per cent voltage regulation is ——100. The regula¬ 
tion in this case is positive but is considerably less than for zero 
lagging power load. For a rated kv-a. condenaive load the voltage 
regulation is obtained from Fig. 71. In this figure the trian^e 
BCD corresponds in every way to the tiian^ BCD in Fig. 70. 

AC—AB 

The per cent regulation —jg—100 may be positive, zero, or 
negative. A negative regulation means that the fuU-load voltage, 





VOLTAGE REGULATION 


111 



on account of the magnetizing action of the armature currents is 
higher than the no-load voltage. 

The voltage regulation of large alternators may be as high 
as 30 or 40 per cent. Small voltage regulations are not desired 
oh account of the forces associated with the current when the 
machine is accidently short- 
circuited; a small regulation 
means a small synchronous 
impedance and a terrific short- 
circuit current. In large gen¬ 
erating stations the generators 
are operated in parallel apd 
the load on any one machine 
does not fluctuate over wide 

limite. For this reason auto- for Determining the 

matic voltage regulators may Voltage Regulation of an Alternator at 
be used to control the teimi- Lagging Power Factor 

nal voltage and poor inherent 

regulation in the alternators themselves is no serious matter. 
On the other hand, in small generating stations where power is 
furnished to lighting circuits and to large motors, good inherent 
voltage regulation of the alternators is of importance. 

89. Current-limiting Reactors (Pig. 72).—The performance of 
large arC. generators under i^ort-circuit conditions is of extreme 

importance. If a generator is 
short-circuited at its terminals 
the machine is loaded on its 
own inductive armature wind¬ 
ing. The initial value of the 
short-circuit current depends 
Fig. 71.— Diagram for Determining the o]i the excitation voltage and 
Voltage Regulation of an Alternator at the im- 

Leading Power Factor , i? .j. 

pedance of the armature 

winding. The armature reaction field due to the short-circuit 
current requires time to become effective in demagnetizing the 
main field and the result of this lag is that for an instant the 
short-circuit current may be roughly eight times the rated current 
of the machine. The steady state value of the short-circuit cur¬ 
rent is roughly three times the rated current of the machine. 
The destructive effect of these currents is readily realized when 
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we recall that the mechanical forces between conductors as well 
as the heating of the Windings depend on the square of the currents 
in the windings and may be many times normal. 

The preceding discussion applies to infrequent short-circuits 



which take place at 
the terminals of the 
machine. Ordinarily 
short-circuits happen 
at some point in the 
transmission system 
located away from tho 
generator. To over¬ 
come the destructive 
effects of excessive 
currents, current-limit¬ 
ing reactors are con¬ 
nected in each arma¬ 
ture lead of the genera¬ 
tor. The drop across 
each reactor at rated 
armature current is 
roughly 16 per cent of 
the rated phase voltage 
of the generator. It 
is evident that with 
the reactors connect¬ 
ed, the short-circuit 
currents are greatly 
reduced. 

90. Tinill Automat¬ 
ic Voltage Regulator. 
—The voltage required 


CBy tha cowUav ofihe WeaUnghouse Co.) at the terminals of an 


Fig. 72.--<:)urrent-liniiting Reactor alternator to maintain 


constant and normal 


voltage at the load is, on account of the transmission line drop, a 
function of the armature current. An automatic voltage regu¬ 
lator must maintain constant voltage at a given point on the 
transmission system and must therefore change the terminal 
voltage of the alternator as the transmission line drop changes. 
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Several tjrpee of automatic regulators are used and many improve¬ 
ments have been made on the simplified Tirrill regulator shown 
in Fig. 73. 

All automatic generator voltage regulators function by short- 
circuiting, at intervals, a portion of the field rheostat of the exciter 
in the generator field circuit. The duration of the time which 
the field resistance is cut out determines the terminal voltage of 
the exciter and therefore the terminal voltage of the arC. generator. 



I)-C.Oexierator A-C.Oeiierator 

(Sxultar) 

Fia. 73.—^Automatic Voltage Regulator for on Alternator 


The regulator shown in Fig. 73,has two sets of contact points. 
The contact points cc are used for short-circuiting a portion of 
the field rheostat. The location of the contact points c'c' depends 
on the exciter voltage, the alternator voltage, and the armature 
current of the alternator. 

The contacts at cc and cV are made or broken at approximately 
the same instants. When the circuit through c'c' is open, the 
bottom half of coil D is excited'and lever L is pulled down, opening 
the circuit through cc. When the circuit through c'c' is com¬ 
pleted, both halves of coil D are excited in opposite directions, 
the magnetic field produced by the coil is zero, the lever L is 
released and the circuit is completed through cc. 
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In order to explain the complete action of the regulator let us 
first assume that the annature current and terminal voltage of the 
alternator are -constant. Lever L" will then remain in a fixed 
position, for the windings D' produce a constant magnetic force. 
If under these conditions the exciter voltage decreases, the current 
in coil E becomes less, the contacts dc' and cc are closed, and the 
field rheostat of the exciter is diort-drcuited. The decreased 
field resistance raises the exciter voltage, the current in coil E 
increases, and the contacts cV and cc are opened. In actual 
operation the contacts c'c' and cc vibrate continuously. 

In order to make the excitation of the alternator a function 
of the load a device is required which makes the closing of contacts 
cV easier when the load on the alternator increases. This is 
accomplished by coils D' and lever L". One of the coils on D' is 
connected to a potential transformer and the other to a current 
transformer. These coils tend to produce fiux in opposite direc¬ 
tions and in such a way that when the alternator armature current 
increases the lower contact c'c' moves upward. The ease at 
which contact is made at c^c' is increased and the alternator voltage 
assumes a higher value. 

91. Efiidency of an Alternator.—^By the efficiency of a 
generator is meant the ratio of the useful output to the input. 
Unless otherwise stated the efficiency specified for a given generator 
is the efficiency at rated armature current, voltage, frequency, 
power factor, and at the standard reference temperature 
of 75° C. 

The efficiency of small generators may be obtained from 
simultaneous measurements of the output and the input. 

The efficiency of large generators is determined by tiie relation 

Eff — Output ^ Input-losses . . 

Output+losses Input 

The output or input may be assumed, but the losses must be 
determined by, (1) measuring most of the losses by direct test and 
assigning conventional values to those which cannot be deter¬ 
mined accurately by test, or (2) by measuring all losses using 
conventional methods of test. The efficiency calculated from 
losses obtained in whole or in part by conventional methods is 
called the conventional efficiency. 
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The losses in aoi a-c. generator are as follows: 

1. Coi^>er losses in the anuatnre and field winding^. These 
losses include brush contact rP losses and field rheostat losses. 

2. Friction and windage losses. 

3. Core losses in the magnetic circuits of the machine. 

4. Stray-load losses consisting of iron losses and eddy-current 
losses in the conductors and other metal parts of the machine 
which vary with load or with magnetic saturation.' 

5. Dielectric losses in the insulation. 

92. Determination of the Losses in an Alternator.— 

1. The copper losses at the standard reference temperature 
of 76° C. are calculated from resistances of the armature and 
field windings obtained by ordinary measurements of the d-c. 
resistances. 

2. The friction and windage losses are determined by measur¬ 
ing the power input necessary to drive the machine at rated speed 
with both the armature and field circuits open. 

3. The core losses and losses in the armature conductors 
and insulation are obtained by the difference between the power 
input at rated speed with the field excited and the armature circuit 
open and the input obtained in (2). The excitation voltage in this 
test should equal the rated voltage of the generator -f- the resist¬ 
ance drop in the armature at rated armature current. 

4. The stray-load losses of a polyphase generator aite deters 
mined by operating the machine on short-circuit at rated armature 
current and speed. The input under these conditions less the 
armature copper loss and the friction and windage loss represent 
the stray load losses. 

The losses in an exciter or a ventilating blower when supplying 
a single generator are charged to the generator. If the exciter 
and the blower supply several generators these losses are charged 
against the plant as a whole. 

93. Rating of an Alternator.—^The kv-a. rating of an alter¬ 
nator is determined by the safe terminal voltage and the safe 
terminal currrent. The operating voltage is determined by the 
insnlation, the air-gap flux, the speed, the number of turns in the 
armature winding and the voltage drop in the armature. The 
armature current is limited by the heating in the armature and 
the Add. 

The current required in the fleld to produce rated armature 



IIG 


THBOEY OF OPERATION OF ALTERNATORS 


terminal voltage depends on the armature current and the power 
factor of the load. Lagging power factor loads require more 
field current to maintain rated voltage than unity or laB-ding 
power factor loads. The kv-a. rating of an alternator on account 
of field heating, is less for inductive loads than for condensive 
loads. A three-phase alternator rated for 37.5 ky-a. at 110 volts 
and 80 per cent lagging power factor means that the field and 
armature windings are so designed that the noachine is able to 
supply, without overheating, an inductive load requiring 110 
volts and 196.5 amperes at 80 per cent lagging power factor. 

94. Values for the Losses and the Voltage Reg^ulatlon of a 
10,000 kv-a. Alternator.— 


RATING 

10,000 kv-a.; 4160 volts; 3-phaae; 60-oycles; 
80 per cent lagging power factor. 

LOSSES AT RATED LOAD (76» C.) 


Kilowatts 

i? I® losses in stator (total).= 32.50 

12/® losses in rotor winding.= 46.00 

Stray-load losses.= 140.00 

Core losses. = 130.20 

Friction and windage.= 145,00 


VOLTAGE REGULATION AT RATED TERMINAL VOLTAGE 
AND RATED ARMATURE CURRENT 

Per Cent 

Reg. at zero lagging power factor=41,0 
Reg. at 0.8 lagging power factor.. =32.5 
Beg. at unity power factor.=19,0 

I 

■ * ^ ^ 

PROBLEMS 

. 1. An alternator has 8 poles and is driven at a speed of 1360 r.p.m. Cal¬ 
culate the frequency of the voltage generated. 

2. The armature of a d-pole, three-phase alternator has a double layer 
winding. The armature has 72 dots. There are six coil groups per phase and 
four coils per cofl group (corresponding sides of the coils belonging to a coil 
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group are placed in adjacent slots). The coils in a group and the coil groups 
belonging to a phase are all connected in series. The coil pitch is 120 elec¬ 
trical q)ace decrees. Draw: (a) an armature winding diagram; and (&) a 
section thiou£^ the annatuie showing the location of the conductors belong-^ 
ing to a given phase. 

8. A two-phase alternator haa 4 poles, operates at a speed of 1800 r.p.m., 
and has 600 turns in aeries per phase. The flux linking each turn vaii^ 
sinusoidally from a positive maxinmiTn value of 1,200,000 lines to a negative 
TTiftTiTYinm value of the gfttnft number of lines. The e.m.f.h in the turns are in 
phase. Calculate: (a) the frequency of the induced e.m.f.; and (&) the 
r.m.s. value of the induced voltage between the armature terminak. 

4 . Each phase of a 6-pole, Y-connected alternator consists of six coil 
groups connected in series. Each coil group has three coils connected in 
series. The adjacent coil aides in a group are placed in adjacent slots 20 
electrical space degrees apart. Each coil has 10 turns. The field wave form 
has a fundamental of 1,600,000 lines and a third haimonio of 200,000 lines. 
The flux densities, due to the fundamental and the third harmonic in the 
space distribution of the flux have their maximxim values at the center of a 
given pole face and the two fields have opposite directions at this point The 
alternator is driven at a speed of 1200 r.p.m. Calculate (a) the Y-phase and 
terminal e.m.f.’s of the alternator when full-pitch coils are used; and (&) the 
Y-phase and terminal e.m.f.k when the pitch of the coils is fir. (c) What 
are the sha^ of the voltage waves in ports (a) and (&)? 

6. A single-phase alternator with a distributed' mesh armature winding is 
rated at 7.5 kv-a., 110 volts. Calculate the kv-a. and voltage rating of this 
machine when connected for three-phase operation. (Assume the annature 
copper loss the same for both connections.) 

6. A slngle-phaae alternator delivers 7 kv-a. at 126 volts to, (1) a con- 
densive load, (2) a unity power factor load, and (3) an inductive load. The 
field currents required to mamtain 120 volts for the different loads are 1.2, 
1.6, and 1.8 amperes respectively. Explain. Which load gives the high^fit 
efficiency for the generator? 

7. The following things are known about a 6600-ky-a., 6600-volt, 60-oycle, 
three-phase generator: 

Effective resistance of armature (temp. 76^ O.) » 0.10 ohm per 
Y-phase. 

Synchronous impedance of annature (temp. C.) = 1.6 ohm per 
Y-phase. 


The generator delivers rated kv-a. at rated voltage and at, (1) 86 per cent 
lagging power factor, (2) unity power factor, and at (3) 86 per cent leading 
power factor, (a) Calculate the Y-phase excitation voltage (the voltage due 
to the flux produced by the main field current acting alone) required for each 
load. (6) Construct complete vector diagrams showing the voltage and 
current relations for each load. 

8. The following data were obtained on a 16-kv-a., 220-volt, OO-cycle, 
three-phase generator: 
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No-load Satubation Cubyb 


Field Current, Amps. 

Terminal Voltage, Volts 

Frequency 

2 

80 

60 

4 

146 

60 

6 

108 

60 

10 

264 

60 

12 

284 

60 

14 

206 

60 

IG 

304 

60 

Zbbo Powsb Fagtob Saturation Cubvb, Abmatubb Cubbiint, 
30.4 Amps.; Tbocpbraturb, 76® C. 

Field Current, Amps. 

Terminal Voltage, Volts 

Frequency 

6.0 

0 

60 

8.0 

40 

60 

10.0 

103 

60 

12.0 

168 

60 

14 0 

100 

60 

16 0 

220 

60 

18.0 

261 

60 


D-c. reaiBtazice measured between armature terminals (temp. 34*^ C.} 
■■ 0.234 ohm. 

Batio iiVo./12d^-1.34, at 76“ C. 

(а) Plot the no-load and the aero power factor saturation curves on the 
same sheet of paper. (6) Calculate: (1) the effective Y-phase resistance; 
(2) the Y-phase synchronous impedance at rated terminal voltage, rated 
current, and at *ero lagging power factor; and (3) the Y-phase synchronous 
reactance for the same conditions as specif under (2). (All values obtained 
in part (6) must be referred to the standard reference temperature of 76“ C.) 

9. (a) The generator specified in Problem 8 supplies rated kv^ at rated 
voltage to an 83 per cent lagging power factor load. Calculate the voltage 
regulation of the alternator at 76® C. Use one of the methods outlined in the 
A.I.E.E. Standardization Rules. 

(б) Repeat a for a unity power factor load and for an 83 per cent leading 
power factor load. 

10. Estimate the aero power factor saturation curve in Problem 8 by the 
method outlined in the A.I.E.E. Standardization Rules. 

11. The altermtor in Article 04 supplies rated kv-a. at rated voltage to on 
80 per cent lagging power factor load. C^culate its efficienoy under these 
oonditioDs. 
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OPERATION OF ALTERNATORS IN PARAUJSL 

96. Reasons for Operating Generators and Generating Stations 
in ParalleL—The present limit of the capacity of a Bizigle.arziiature 
synchronous generator is approximately 60,000 kv-a. For this 
reason a generating station which, for example, supplies a maxi¬ 
mum bad of 300,000 kv-a. requires that at least five of these 
generators be operated in parallel. 

, On account of the economy involved in present-day hi^- 
voltage transmission it is advantageous to operate distant stations 
in parallel. This makes it possible to locate the power stations 
near the energy resources. Interconnection of many distant 
stations insures continuity of service and pennits the utilization 
of energy which would otherwise be wasted. 

96. ^Txxchronizing of Alternators.—In order to operate alter¬ 
nators in parallel the machinea must have equal frequencies and 
the e.m.f.'s in corresponding phases must be in opposition with 
reference to the local circuit formed by the bus-bars and the 
armatures. The actual process of determining when these condi¬ 
tions are satisfied is called synchronizing. The alternator which 
is to be synchronized is connected through a switch that may be 
dosed when the proper conditions are satisfied. Synchronism is 
determined by the use of lamps or synchroscopes. 

Figure 74a illustrates how two lamps may be connected for 
determining syuchronism of two low-voltage single-phase alters 
nators. When the e.m.f. of alternator No. 1 (in the sense A to 
R) is in phase and equal to the e.m.f. of alternator No. 2 (in the 
sense A to J3) no voltage exists across the lamps, the lamps are 
dark, and the i^chronizing switch S may be dosed. Any 
torque tending to throw the machines out of synchronism is 
accompanied by a reverse torque tending to hold them in syn¬ 
chronism. To avoid cloaiag the synchronizing switch when one 
of the lamps is burned out the conn^tion shown in Fig. 746 is 
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often used. Synohronistn in this case is indicated when the 1 
have maximiiTTi briUiancy. 

Figures 76a and 756 illustrate two methods of connecting 1 
for synchromzing two three-phase low-voltage altematorg 
synchronizing any polyphase alternator it is necessary tha 

phase rotation of the 
ages (the sequence in'* 
the voltages in the p 
reach their maxi 
values) of the incc 
machine be the sai 
that of the voltag 
the bus-bars to whic 
machine is to be coz 
ed. The phase rol 
is correct when the 1 
connected as in Fig 
Synchronism in this cj 
Another method, k 



Fig. 74 —^Methods for Determioiiig Syn- 
olironiam Of Two AltematorB 


go on or off at the same time, 
indicated when all the lamps are dark, 
as the Siemens and Halske connection of synchronizing Ian 
shown in Fig. 766. In this case, when synchronism is approa 
the lamps m, n, and o 
reach their Tnfl.TnTYinTYi 
brilliancies in a se¬ 
quence which depends 
on the speed of the in¬ 
coming machine. For 
the particular coimec- 
tion diown, synchron¬ 
ism is indicated when 
lamps m and n are 
equally bri^t and lamp 
0 is dark. In order to 76.— Methods for SynohronJrinj 



synchronize high-voltage 


Three-phase Oenerators 


machines, synchronizing lamps and phase meters mu 
supplied through potential transformers. 

97. The Phase Meter Used as a Syndiroscope.—One fo 
phase-meter shown in Fig. 76 is provided with three coils, 
and c. Coils a and 6 are mechanically fastened together ai 
free to rotate in either direction. Coil a is connected in 
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IR 


1 

m 


, X® ^ 

B 


A 



Fia. 


76.—^Fhase Meter Used 849 
a SynohrosGope 


witli a resistanoe and ooil b in series with an inductance to the 
terminaJs of one of the alternators. The electrical connections 
of these coils are so made that a current entering the cotmecting 
lead (1) r^ults in two opposed torques. Coil e is connected in 
series with a resistance to the termi-* 
n a J s of the other alternator. 

If the voltages on both sides of 
the synchronizing switch taken posi¬ 
tive in the sense A to B are in 
phase, the currents in coOs a and c 
will be m phase and the current 
in coil b Wl be nearly 90 time 
degrees behind the currents in these 
coils. Under these conditions the 
average torque exerted on b due to the magnetic reaction 
between b and c is zero and the reaction between c and a 
is sufficient to turn the two coils until the axis of a coincides with 
the axis of c. If the voltages on both sides of the synchronizing 
switch are out of phase, the average torques exerted on a and b 
are opposite and the coils will assume a position where the average 
torques acting on them balance. The position which the coils 
assume is an indication of the phase relation between the voltages 

on the two sides of the 
switch. A difference in 
the frequencies of the two 
generators results in a 
continuous change in the 
phase relations and the 
coils a and b rotate in a 
direction depending on 
which machine the 
higher frequency. 

98. Theory of Operation of Two Alternators in Parallel.—The 
corresponding phases of alternators No. 1 and No. 2 are con¬ 
nected as shown in Fig. 77. The following analysis is based on 
the supposition that the following things are known: 

• (a) The constants of the alternators. 

(6) The total load connected to the bus-bars. 

(c) The load voltage, load current, and load power factor 
measured at the bus-bars. 



Fig. 77. —Coimeotionfl of Corresponding 
Phases of Two Alternators in Parallel 
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(<0 The excitation ejn.f. and power output of one of the 
alternators. (The analysis shows what adjustments of the field 
currents of the alternators and* governors of the prime movers 
are required to obtain certain definite operating conditions.) 

Let 7ii=phase voltage of connected load measured at bus-baxB. 
Ii^phase current of load connected to bus-bars; 

COB 0=phase power factor of load connected to bus-bars 
measiired at the bus-bars; 

Pi es phase power of alternator No. 1 measured at its ter¬ 
minals; 

ri=phase effective resistance of alternator No. 1; 
ra=phase effective resstance of alternator No. 2; 
Xi=phase synchronous reactance of alternator No. 1; 

X 2 =phase synchronous reactance of alternator No. 2; 

P'l—phase excitation e.mi. of alternator No. 1; 

£r' 3 =phase excitation em.f. of alternator No. 2; 

I'=phase current of alternator No. 1; 

I"=phase current of alternator No. 2; 
cos 0'=phase power factor of alternator No. 1; 
cos 0"=phase power factor of alternator No. 2. 

The phase terminal voltages of the alternators on account of 
the interconnecdons are equal, and therefore 

Yi=Wi-(ri+jXi)I' . ( 1 ) 

7i=?'2-(r2+jX2)r (2) 

The total current output may be expressed by the relation 

Ii=f'+r (3) 

Equation (1) may be written 

cos sin 0') (4) 

where all vectors are referred to the voltage. If we assume that 
7i, Pi, and cos 0' are known, it is possible to calculate the power 
component of the current output of alternator No. 1 as follows: 

Pi=7iI'cob0' 

or 

J'CO8 0'-^| (6) 
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If we aesume that E'l and Zi are also known it is possible to 
calculate the reactive component 7' sin 9^ of the current output. 
IVom equations (4) and (6) it follows that 

Yi sin O') (6) 

where Zi is the synchronous impedance of a phase of alternator 
No. 1 and 9' is considered positive when the phase voltage Vi 
leads the corresponding phase current I\ 

Solving equation (6), we obtain 


- izr^ ^ 

The reactive component 7' sin 9^ is 90 degrees displaced from 
the phase voltage Vi. 

Equation (7) shows that for a g^ven output, load voltage, and 
synchronous impedance, the reactive component of the current 
output of a ^ven alternator depends on its excitation voltage. ■ 
The total current output of alternator No. 1 is 

r = Vit cos 9^)2+(7' sin 9')» (8) 

The in-phase component of the current output of alternator 
No. 2 may be calculated by the relation 

Vil" cos 9"-|-7i7' cos 9' = 7i7i cos 9 (9) 

and the reactive component of the current output of this machine 
may be calculated by the rdation 


7" sm 9"-1-7'sin 9'=7i sin 9 (10) 


The total current output of alternator No. 2 is 

r =\/(7" cos 9'0®+(7" sin 9'0® (11) 

By substituting the values 7" cos B" and 7" am 9" obtained 
from equations (9) and (10) in equation (2) we obtain for the 
excitation e.m.f. of alternator No 2 the rdation 

W2=Yi-\-W' oos 9"-j 7" sin 9") 


( 12 ) 
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Fio. 


78.—Vector Diagram for 
Alternators in Parallel 


Two 


99. Vector Diagram Representing Equations (3), (6), and (12) 
(see Kg. 78).—The vector diagram shows that for a given phasei 
tenninal voltage Vi and for a given phase power output Pi (con¬ 
stant value for I' cos 6'), the 
power factor of alternator No. 

1 depends on its excitation 
voltage. A reduction of the 
excitation voltage from the 
value-P'l to (jB'i) results in a 
reversal of tihe voltage drop 
due to the reactive component 
of the current, i.e., a reversal 
of the drop Zil' sin O', and 
therefore a reversal of the cur¬ 
rent 7' sin A fliTTiilar method 

may be employed to show that the power factor of alternator 
No. 2 depends largely on its excitation e.m.f. 

100. Adjustments Necessary to Alter the Power and Power 
Factor of a Given Alternator Operating in Parallel with Others.— 
The performance of an a-c. motor or a transformer depends on the 
impressed frequency. For tins reason alternators must operate 
at constant frequency and therefore must be driven at constant 
speed regardless of the electrical load on the machine. 

The power output of a steam engine or steam turbine is deter¬ 
mined by the amount of steam admitted to the engine. A given 
engine connected to a given boiler and delivering H horse power 
at a speed of N r.p.m. for M pounds of steam delivers horse 
pc)wer at a speed of N r.p.m. when M' pounds of steam are 
admitted to the engine. To maintain constant speed the mechan¬ 
ical load on the engine must be increased when the amount of 
steam admitted to the engine is increased and vice versa. If 
the given engine drives an alternator which is operated in paralld 
with others it must operate at constant speed and the alternator 
output can only be changed by changing the driving torque of the 
engine; i.e., by changing the governor setting of the engine. 

If alternators No, 1 and No. 2 in Kg. 77 are of the same 
rating and it is desired to increase the load on No. 1 and reduce 
that on No. 2, without changing the frequency, it is necessary 
to tighten the goveijior of the prime mover driving No. 1 and to 
loosen the governor of the prime mover driving alternator No, 2. 
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If the rating of alternator ITo. 2 is much greater than the rating 
of alternator No. 1, a load adjustment on No. 1 may be made 
by adjusting the governor of No. 1 only. 

For a constant speed and a constant terminal voltage a change 
in the excitation voltage (a change in the field current) of either 
alternator will not materially change the power output of the 
alternators. This is evident when we keep in mind that the 
excitation voltages of the alteimtors have absolutely no control 
over the driving torques devdoped by the prime movers. A 
change in excitation voltages changes the reactive components 
of the currents (the components I' sin 6' and J" sin 6") and 
therefore' changes the resultant currents 7' and I", the power 
factors cos O' and cos 0", and the copper losses of the alternators. 
An increase of the copper loss for a given available driving torque 
results in only a small reduction of the power output at the 
terminals. A radical change in excitation voltages may cause 
excessive heating in the fidd and armature circuits. 

101. Conditions Necessary for Most Economical Operation 
of Alternators in Parallel.—^For most econonodcal operation of 
alternators in paralld, the following conditions should be satisfied: 

(1) The arithmetical sum of the kv-a. outputs of the alternators 
diould equal the resultant kv-a. of the connected loads. 

(2) The current outputs of the alternators diould bear the 
same ratio as the kv-a. ratings of the machines. 

(3) The resistances of the armature windings should be pro¬ 
portioned in the inverse ratio of the current outputs. 

If the first and second conditions are not satisfied it is impos¬ 
sible to utilize the full kv-a. ratings of the two generators and 
it may be necessary to operate a third machine, although the total 
connected load does not warrant this. In order to satisfy the 
first condition it is necessary that cos l9'=cos 0 "=co 9 6; i.e., the 
power factors of the generators must be equal and therefore must 
be the same as the power factor of the connected load. Both of 
these conditions may be obtained by properly nbangiTig the com¬ 
ponents of the current outputs of the generators which may always 
be accomplished by adjusting the field excitations of the generators 
and the driving torques of the prime movers. 

If the third condition is not satisfied the copper losses in the 
armatures are greater than necessary. The design of the genersr 
tors determines whether this condition can or cannot be obtained 
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102. Mathematical Summazy of, Giicuit Conditioiis Necessaiy 
to Obtain Economical PaihUel Operation.— 

=tan~i— 


Let i3i=tan 


ri 


=tan~^— 


^2=tan 


r2 


and 


If 

and 


a=dectiical time ang^ between the Tectors B'l and E'z in 
Fig. 78. [In two identical alternators, a is numeric¬ 
ally egual to the electrical space angje between the 
centers of corresponding poles on the alternators 
(see Fig. 79).] 

E'i=E '2 (condition for minimum excitation loss) 


«=0 

[see Fig. 78 or equations (1) and (*)] 

(13) 

.^1 

ri ra 


then 
and 

Again if 
then 

Pi=‘Pa 

and by substituting this value in (13) we obtain 

e'=e" 


(14) 


or cos 9'°= cos 0'' (condition necessary to utilize the total 
rating of the alternators) 


and 


7' Z3_ -v/ra^-bX2^ _ r8'N/l+tan <3a^ _r2 
7^ Zi riVl+tan jSi* 


(16) 


Since the terminal voltages of the machines are equal it follows 
that 


KV-A. rating of No 1 _r 2 (condition for Tnininnim armature 
KV-A. rating of No. 2”ri copper loss) • . (16) 

It ^ould be observed that if the impedance angles and jSa 
not equal it will still be possible to satisfy rdation (16); i.e., 
kv-a. output, of No. 1-1-fcv-a. output of No. 2=total fcv-a. output. 




/ 
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but in general 'trill not be equal to E'% and a \rill not be equal 
to zero. 

’ 103. Torques Acting on. Rotor; Synchronizing Current.—^The 
an^e a between the excitation voltages E'l and E'i is a measure 
of the relative positions of the rotors (usually the fields) of the 
alternators at any instant (see Fig. 79), for the difference in phase 
between the two excitation voltages at any instant depends 


I 


ri 


! 

M- 


Jtt- j 


t 


AltomatorNo. 1 


Altaanator No. 9 


CG-Correspoxidlxig Armature 
ConductoTB 

Fig. 79.—The Meotrioal Space Angle a 


upon the poaitionB of cor¬ 
responding poles relative 
to corresponding armature 
conductors. In general any 
change in the mechanical 
input; i.e.y any change in 
the driving torque of either 
machiney will cause the 
angle a to change. If the 
driving torque of machine 
No. 1 is inoreasedy the in- 
phase component of its armature current is increased and will 
move ahead of its former position; that isy the rotor of machine 
No. 1 will slip forward with respect to the rotor of machine No. 2. 

As long as the rotor of each machine is revolving with a x)6i^ 
fectly uniform speed the driving torque of the prime mover is 
exactly balanced by an opposing torque due to the electromagnetic 
attraction between the field and the armature current. The 
driving torque is in the direction of rotation and the opposing 
torque due to the electromagnetic forcesy which may be called 
the “ electromagnetic torque,” is in the direction opposite to the 
direction of rotation. The latter torque is equal to the electrical 
power developed m the armature divided by the speed of rotation 
of the rotor, for power is equal to the product of speed by torque. 
Neglecting the copper losses in the armature, the eleotromagnetio 
torque is then proportional to the electric power output, since the 
speed is constant. Any change in the in-phase component of the 
current output therefore means a correspondiDg change in the 
electromagnetic torque. Should the rotor of machine No. 1 at 
any instant fall behind the position correspondmg to an exact 
balance between the driving and electromagnetic torques, the 
in-phase component of the current r becomes less, the torque 
opposing the driving torque is diminished, and the unbalanced 
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portion of the driving torque is available to pull the rotor back 
into its normal position (i.e., into the position of exact balance 
between the driving and electromagnetio torque). Again, should 
the rotor of machine No. 1 dip ahead of its normal podtion, the 
electromf^etic torque (which is always in a direction opposite 
to that of the rotation) will be in excess of the driving torque, 
since the in-phase component of the current F will be in excess 
of its normal value, and the net torque acting on the rotor will 
be in such a direction as to puU it back into its normal position. 

Since the torque which holds the rotor in step, or pulls it back 
into step should it tend to fall out of step, depends upon the 
change of the in-phase component of the current F, the change 
of the in-phase component of the current output may be called 
the “ synchronizing current.” 

104. Hunting.—^As pointed out in the preoedi^ article, when 
the rotor of either machine dips badrward or forward from its 
normal podtion, due to any cause whatever, a restoring torque 
is set up, this torque acting in a direction oppodte to that of the 
displacement. The restoring torque will not only puU the rotor 
back into its equilibrium podtion, but will give it a certain rotar 
tional velocity with respect to its equilibrium podtion, and there¬ 
fore, due to its inertia, the rotor will swing beyond its equilibrium 
podtion until the restoring torque, acting now in the reverse direc¬ 
tion (but always toward the equilibrium podtion), causes it to 
swing back again. In short, the rotor will act exactly like a 
tordonal pendulum and will oscillate back and forth about its 
equilibrium podtion. When such hunting starts, additional 
hysteresis and eddy-current losses wUl be produced in the pole 
faces, and in any damping grids in the pole faces (due to the 
change in podtion of the resultant fidd with respect to the TnaiTi 
field poles) and these energy losses will damp out the oscillations 
unless the cause which starts the hunting is recurrent. In general, 
hunting of one alternator will cause the other alternators in 
paralld with it to hunt, unless the capacity of the latter is large 
compared with the capacity of the one which is hunting. 

When the prime mover is a redporcating engine the driving 
torque is not uniform throu^out each revolution, but pulsates 
to a greater or lesser extent, depending upon the type of en^ne. 
The driving torque of most multiple cylinder engines never falls 
to zero, but varies between TtiRTriTmiTn values. Should the pulsi^ 
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tionB in the driving torque have a period equal to that of the 
natural period of the rotor oscillations, the amplitude of the 
n pnillii.tinT'fi may become excessive, so great in fact as to cause the 
rotor to fall out of step. 

Even though the period of pulsation in the driving torque 
should not coincide with the natural period of the rotor oscillations, 
hiiTiting vnll occur, but the system will be stable provided the 
rotor does not swing beyond the position corresponding to its 
TTiRTrirmiTTi output. 

Hunting may be caused by any periodic variation in the 
circuit such as may be produced by regular variations in the load, 
but it is seldom that the periodic variations in a load will coincide 
with the natural period of the alternators. 

Hunting in most oases is successfully diminished by a short- 
circuited winding embedded in the pole faces of the alternators 
which are operated in parallel. This pole-face or damping wind¬ 
ing often takes the form of a squirrel cage made of rectangular 
conductors short-circuited by end rings. The action of the pole- 
face windings is explained in detail in the chapter on synchronous 
motors. 

106. Natural Period of Oscillation of Rotor.—Consider the case 
when the alternator No. 1 in which hunting occurs is in parallel 
with one or more alternators No. 2 which have a sufficient power 
capacity not to be affected by the alternator which is hunting. 



Under these conditions 
changes in the electrical 
output of the given 
alternator as its rotor 
oscillates will not affect 
appreciably the bus-bar 
voltage or speed of the 
system. Theimpedance 
Z 2 of the alternator 
(or group of alterna¬ 
tors) in parallel with 
alternator No. 1 will 
be small compared 


with Zi, and therefore 


for a given load on the bus-bars, the vector E '2 in Fig. 80 may. 


at least for small changes in the current output, be considered as 
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fixed in magDitude and direction. To simplify the calculations, 
nnnfridftT the csse when the excitations of alternators No. 1 and 
No. 2 are adjusted to make E'l »= E '2 and the governors so set that 
E\ and E *2 are in phase. If under these conditions the rotor of 
No. 1 sKps forward from its normal position an angle a the vector 
E'l takes up the position (E'l) shown dotted in Kg. 80. 

The change in current output of ^temator No. 1 due to the 
displacement of E'l is 

r _iE' 

^l+Z2 


(17) 


Since alternator No. 2 is assumed of much larger capacity than 
fdtemator No. 1 it follows that 


(approximatdiy) (18) 

' The change in internal power developed in alternator No. 1 is 
(see Kg. 80). 

^i=q{E\)iAE)=gE'i{AE) (approximately) (19) 

Where q is the nximber of phases. 

The change in power output of alternator No. 1 measured at 
the terminals is 

APi=g7i(ilC) (20) 

If a is small, the drop 

ZiI,=E'ia (approximately) (21) 

If Xi is large compared to ri which is usually true, the current 
Ic^-^AE) (approximately) 

Substituting this value in (21), we obtain 

AE=^^ (approximatdy) (22) 


The total change in internal electrical power developed in alternator 
No. 1 is therefore 


AP'i=q 


(E'lra 

Zi 


(approximately) 


(23) 


Let 


7—tangential force on rotor due to the change in internal 
power developed expressed in pounds. 
r=radius of rotor in feet. 


«=revolutions of rotor per second 
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In temiB of these quantities the change in internal power may 
be expressed by the relations 

AP'.-?^46' 

oou 




and from (23) and (24) the torque acting on the rotor is 

(approximately) (26) 

The equation of motion of the rotor with respect to its equi¬ 
librium position is 


\ S 2 . 2 ) *2 " 


torque in direction of a' 


where is the moment of inertia of the rotor in pound foot units 
and a' is the displacement of the rotor in mechanical radians. 

Since a'=2— (where a is expressed in electrical apace radians) it 

Mows that equation (26) may be expressed by the relation 

torque in the direction of a (27) 

(Pa 

where angular acceleration of rotor in electrical space 

radians per second per second when its (iisplacement is a. 

The torque is actually in the opposite direction to a and is 
given by equation (26), whence the equation of motion of the rotor 
about its equilibrium position is 

^_ (32^)550gpi2(^^i)a« 

(fta (746)4fl/(2)ZiJi 

- or, putting 

^ _ (32.2)650gpia(^^)g 
^ (746)4^(2) 

this equation becomes 


(29) 
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This is the equation of hanuonic motion, and the period of the 
oscillation, that is the natural period of the rotor, is 


Period 




' ZiJi 

Ki 


(approximately) 


(30) 


z 


The natural period of the rotor is therefore proportional to the 
square root of ^e syiichronous impedance of the armature and 
also proportional to the square root of the moment of inertia of 
the rotor. 

Therefore, the free period of the rotor may be increased either 
by increasmg its moment of inertia (by adding a flywheel) or by 
inserting reactance ia the armature circuit. The former method 
is the one usually employed, since ioserting too much reactance 
reduces the stability of the rotor as explained later. 

106. Synchronizmg Power; Importance of Prefer Synchronous 
Reactance.—^The torque given by equation (25) is the difference 
between the electromagnetic torque due to the pull between the 
fleld and annature, and the driving torque of the prime mover. 
This torque is the torque which tends to puU the rotor into step 
when it dips an angle a from its normal position, and may there¬ 
fore be called the “ synchronizing torque.” The greater the value 
of this synchronizing torque for a given value of a the greater 
will be the tendency of the rotor to remain in step. 

Equation (26) riiows that the synchronizing torque varies 
inversriy as the synchronous impedance. It must be kept in 


mind that this equation holds only when the ratio of ^ is very 


large. If Xi is zero, the current vector J« in Fig. 80 coincides 
with the line AB, and the component of I, in phase with (E'l) 
is practically zero, and the deotromagnetic power qE'i{AE) is 
practically zero. A very small synchronous reactance or a very 
large synchronous reactance bo^ produce unstable operation. 
The objection to increasing the free period of the rotor by increas¬ 
ing the armature reactance beyond a certain value is apparent. 

107. Effect of Wave Form on Parallel Operation.—If the 
e.m.f. wave of one alternator contains a harmonic not in the 


e.m.f. of the other the loop formed by the two generators and 
the bus-bars wiU form a short-circuit to this harmonic, and a 
relatively large current of this frequency may be set up, causing 
useless heating and thereby limiting the output of the generators. 
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108. Effects of Speed—^Load Characteristics of Prime Movers. 
—Since alternators which operate in parallel must always run 
at the same relative speed it follows that if they are to divide 
the load in the same proportion for all loads from no-load to full¬ 
load they must be driven by prime movers which have like speed 
load ch^acteristics. That is, when the speed of each prime 
mover is plotted against its load expressed aa a per cent of its 
full load these percentage characteristics for the several prime 
movers should coincide. 

The percentage speed-load characteristics of prime movers 
are seldom exactly alike, but the effect of slight variations will 
be reduced if these characteristics have an appreciable droop. 
The speed-load characteristics of prime movers which drive 
alternators intended for parallel operation should usually droop 
about 3 per cent from no-load to full-load. 

The effect of a periodic variation in the angular vdocity 
during a revolution has already been discussed. A variation 
greater than one and one-quarter electrical space degrees is liable 
to render parallel operation unsatisfactory. 

109. Sensitiveness of*‘Governors.—^The governors of the 
prime movers should not be too sensitive, i.e., they should not 
respond to momentary changes in load. The operation of the 
governors must be sluggish enough not to overrun the normal 
position corresponding to any change in load. 

110. Summaiy of Conditions for Satisfactory Parallel Opera¬ 
tion.—^The alternators should have 

1. The same voltage rating. 

2. The same frequency. 

3. The same wave form. 

4. The synchronous impedances proportioned inversely as the 
ratings of the alternators. 

5. The ratios of the synchronous reactances to the resistances 
in corresponding phases equal. 

6. Piine movers operating at uniform angular velocities during 
each cycle, or a variation not exceeding one and one-quarter 
electrical space degrees. 

7. Rotors whose free periods as torsional pendulums do not 
coincide with any periodic pulsation in the driving torque of the 
prime movers. 

8. Prime movers whose speed-load characteristics from no-load 
to maximum-load are similar. 
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9. Prime movers of drooping speed-load oharaoteristics. 

10. Prime movers whose governors are not too sensitive. 

PB.OBLBMS 

!• Two altematorB C and JD, are operated in parallel, (a) What factora 
detennine the power output of C7 (6) How are the current outputs of the 
machines brou^^t in phajse with the load current? (c) Under what conditions 
are the current outputs of the altematorB inversely proportional to the syn- 
ohronouB inip>edanoea of the annatures? (d) What adjustments are necessary 
to make the currents circulating among the machines zero at no-load? 

2. Show that the power factor of an alternator operating in parallel with 
others becomes leading when its field excitation is lowered beyond a certain 
point. 

8 . The governor on the prime mover of an alternator operating in parallel , 
with others of much larger capacity is set at a definite point. Why is it true 
that the output of this ^temator cannot be changed (neglecting the change 
in the copper loss in its armature) by changing the field current? 

4 . Two identical 6600-kv-CL, 12,000-yolt, 25-cycle, three-phase, Y-con- 
nected alternators are operated in parallel and supply 10,000-W-a. at a ter¬ 
minal voltage of 12,000 volts to a 95 per oent lagging power factor load. The 
following thmgs are known about the altematorB: 


No-loab Satubation Ctovd at 25 Cycuds 


Terminal Voltage 

Field Current 

2,000 

30 

4,000 

60 

6,000 

90 

8,000 

120 

10,000 

160 

12,000 

210 

14,000 

270 

16,000 

360 

i resistance per Y-phaae at 75® 

C. *= 1.73 ohms. 

Zebo Powbb Factor Cubvb Bbfobbed to 75® C. 

(Line Current, 313 Amperes; 

Frequency, 25 Cycles) 

Terminal Voltage 

Field Current 

0 

100 

2,000 

125 

4,000 

160 

6,000 

190 

8,000 

230 

10,000 

280 

12,000 

840 

14,000 

425 
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One of the tJtemators operates at a field ourrent of 310 amperes and 
delivers 4200 kilowatta. Calculate (a) the field current of the other alternator 
required to TnRiTitft.m a terminal voltage of 12,000 volts, at 26 cycles; and (b) 
the power factor at which each alternator operates, (c) Draw a complete 
vector diA grfiTri showing all the current and voltage relations, (d) What 
re-€uljustinents are necessary to make the alternators share the loads equally? 

6 . The alternators specified in Problem 4 ane operated at no-load (no 
external load connected to the bus-bars). The voltage between bus-bars is 
12,000 volts and the frequency is 26 cydes. The excitation voltage to neutral 
in a phase of one of the machines is 7500 volts and leads the bus-bar voltage 
to neutral in this phase by 12 time degrees, (a) Calculate the drculating 
ourrent, (5) Calculate the electrical power which is transferred from one of 
the machines to the other. 

6 . Two 2300-volt, three-phase, Y-connected altematois are operated in 
parallel and supply an 860 kv-a. load at 2300 volts and 86 per cent leading 
power factor. The ratings and the constants of the machines are as follows: 


Eating 

760 kv-a. 
500 kv-a. 


Y-phase 

Effective Eesistanoe 
0.141 ohm 
0.220 ohm 


Y-phase 

Qynohronous Impedance 
2.31 ohms 
2.60 ohms 


The govemoin of the prime movers and the fidd excitations of the generators 
are so adjusted that each machine operates at the same power factor and 
ddivers a current in direct proportion to its kv-a. rating, (a) Draw a com¬ 
plete vector diagram showing thd voltage and current relations. (5) Cal¬ 
culate the excitation e.m.f.’B required and the phase angle between them. 
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SYNCHRONOUS MOTOR 

A synchronous motor is an a-c. motor in which the normal 
speed of the rotor is strictly proportional to the frequency of the 
SrC, power supply. The relation between speed, frequency and 
number of poles is the same as that for a synchronous generator. 

The construction of a synchronous motor is very similar to 
that of a synchronous generator, in fact any synchronous generator 
may be operated as a motor. However, for most satisfactory 
operation, a synchronous motor must be provided with salient 
poles and its pole faces must be provided with a substantial pole- 
face winding. 

The chi^ advantages of a synchronous motor are that it may 
be us^ for improving the power factor of a reactive load or for 
controlling the voltage at the receiving end of a long transmission 
line. Its chief disadvantages are that the starting torque is small 
and that the rotor is subject to oscillation. 

111. Prindpleof Operation of the Synchronous Motor.—(a) In 
either a single-phase or polyphase synchronous motor the direc¬ 
tions of the currents in the armature coils must be such that during 
the major portion of a cycle the forces between the rotor and the 

stator produce a unidirectional 
torque. Thus, in Fig. 81, the 
current in the armature coil 
must re verse * during the time 
required for the iV-pole to 
^ move from the position marked 

Fiq. 81.—Synchronoufl Motor Show- ^ ^ the position marked 2. In 
ing One Armature Coil . other words, the current must 

complete J cycle in the time 
required for the main field to revolve through tt electrical space 
radians and therefore the relation between speed and frequency 
must be definitely fixed. 
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(&) The armature winding on a polyphaee synchronous motor 
is si m i lar in every way to that on a polyphase synchronous gener¬ 
ator. If polyphase currents are set up in the armature winding a 
revolving magnetic field is produced. The speed of this fidrl 

(etynchronous speed) is 2 ^ revolutions per second, where / 


represents the frequency of the alternating-current supplied to the 
motor, and p the number of poles for which the armature is 
woimd. To obtain an idea of how the revolving field is produced, 
the student should review the subject of armature reaction m 
alternators (see Article 83). 

The electromagnetic reaction between the armature and the 
rotor fields depends on the relative velocities of the fields . Let us 
consider the reactions between the two fields in Kg. 82 when the 
rotor is at standstill. 


When the south pole of the armature field approaches the 
north pole of the rotor field a clochwise impulse is given to the 
rotor which is balanced by 
an equal coimter-clookwise 
impulse when the armature 
south pole leaves the rotor 
north pole. No motion of 
the rotor can take place, for 
the time of the impulses is 
.very short and the inertia of 
the rotor is large. The con- — ^Diagram Uluatrating Reaotioii 

elusion may be drawn that a Ma^otio Fidds ia a Synchron- 

synchronous motor with no ous Motor 

Special attachments has practically ujo starting torque. (The 
hysteresis and eddy-current losses in the rotor iron of a poly¬ 
phase motor produce a small torque.) 

If the rotor is runnmg near synchronous speed of the armature 
field the counter-clockwise impulses are of sufficient duration to 
accelerate the rotor to synchronism. At synchronous speed the 
forces acting on the rotor produce a unidirectional torque, and 
for a given mechanical load and rotor excitation the m.m.f *s due to 
the armature currents alone and the m m.f *s due to the field 
current alone remain a fixed distance apart. 
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THEORY OF OPERATION OF THE SYNCHRONOUS MOTOR 

112. Voltage Dicip Current Relations for a Synchronous Motor. 
—^In order to set up a current in a phase of an a-o. motor it is 
necessary that the impressed voltage be equal to the vector sum 
of the counter voltage drop due to the variation in the flux linTring 
the phase and the voltage drop due to the resistance of the winding. 
This voltage may be expressed by any of the following relations: 


Yl = E"\+T'lh 

(1) 

Yi^ W'l +(»’i+i®i)/i 

(2) 

Yi =‘Y>'i+(ri+jXi)Ii 

(3) s 


where 

Vi^impressed phase voltage; 

voltage due to resultant flux linldng a phase; 

E"i=the voltage drop due to the flux produced by the field 
current and the armature current combined; 
E'i=the voltage due to the flux produced by the main fleld 
current acting alone (the excitation voltage). 
r'x=ohmio phase resistance; 
n=effective phase resistance; 
xi =:phase leakage reactance; 

Xi=phase ^chronous reactance (this reactance corresponds 
to t^ synchronous reactance of a generator); and 
Ii=<phase armature current. 

Note that the difference betyreen r'lJi and rili represents a 
small voltage and for this reason equation (1) may be written in 
the following form: 

Yi=E"*i+riIi (approximately) 

The voltage relations may be represented by a dia graTn (see 
Fig. 83). This diagram, is drawn for an excitation which results 
in a lading power factor. 
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113. Power Entering and Leaving an Armatore Phase of a 
Syndironous Motor.—^The power entering an armature phase of 
a synchronous motor may be expressed by the product Vih cos 6. 
Naturally the difference between 
the power input and the copper 
loss (7i7i cos fl—nil®) represents 
the power which leaves each 
phase of the armature winding. 

The major portion of this power 
is transferred across the aiivgap 
to the rotor and the rest is lost 
in the stator iron. The power 
leaving a phase of the stator may be expressed in terms of the 
electromotive forces as follows: 

Pu^Yih 008 cos cos 

=£?'iIicosfl' (4) 

The quantity Pm is called the phase motor power. The 
mechanical power output of g phases of the motor is 

P*=gPjf—Iron loss—Friction and windage (5) 

114. Diagram Showing Variations of Excitation Voltages and 
Power Factors for Different Loads on a Synchronous Motor.—^The 
following diagrams are approximate in that the phase angle of the 
synchronous impedance d is assumed constant. In each dingraTn 
the voltage impressed on the motor is also assumed constant. 

Variation of excitation voltage and power factor for constant 
power input (Fig. 84).—In this diagram, d is assumed equal to 90 

" 1 “ 

^ 1 '" 

at 


B^g. 84.—^Diagram Showing Variation of the J*ower Factor of a Synohionoua 
Motor when the Excitation E. M. F. is Changed 

degrees; i.e., ri/i^=0. For a given power input h cos d is con¬ 
stant and Xili cos ^ is approximately constant. In other words, 




Fia. 83.—Vector Diagram for a 
Phase of a Synchronous Motor 
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Motor when the Load 
Changed and the Power FaO" 
tor Maintained at Unity 


for a given input the line AB ia parallel to Vi. This diagram 
shows that for a given impressed voltage and a given load the 
,N current and the power factor are de¬ 
termined by the excitation voltage. 

Variation of excitation voltage 
required to maintain unity power 
factor for different power inputs.—In 
Fig. 85 the impedance drop line M N 
makes a constant angle with Vi. 

The diagram shows that the ex¬ 
citation voltage required to maintain 
Fia. 86.—Diagram Showing unity power factor for different loads 
Variation of the Excitation is not constant; a minimum excita- 
K M. F.^ of a SynohronoiM j|g reqi^ired when the* phase 

“ input is Vila. If the armature had 
zero resistance, the line MN would 
be perpendicular to Vi and the excitar- 
tion voltage would be a mi n imu m when the input is a minimum. 

Variation of power factor with load at constant excitation 
voltage (Fig. 86).—The phase relations of the excitation e.m.f. 
and the impedance drop to the impressed voltage depend on the 
mechanical load on the motor. 

For this reason the power factor 
of the motor depends on the me¬ 
chanical load. 

Summary (see Figs. 84,86,86) 

1 . The power factor of a syn¬ 
chronous motor depends on the 
excitatioii voltage and the load on 

ation of Power Factor of a Syn- 
the motor. ^ ^ chronous Motor when the Excita- 

2. The excitation voltage may -tion E. M. F. is Held Constant 

be increased to a point where the and the Load on the Motor 
motor takes a leading current from Changed 

the supply. 

3 * The excitation required to maintain constant power factor 
for different loads is not constant, but depends on the load and 



the constants of the motor. 

115. Experimental Determination of V-curves and Compound¬ 
ing Curves.—V-ourve (so-called on accoxmt of its shape) is a 
curve showing the relation between the armature currents and 


T 
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excitation voltages of a synchionous motor operating at constant 
impressed voltage, frequency, and power input. For a given input 
the armature current is a mini-mum when the excitation is so 
adjusted that unity power factor is obtained. Excitation voltages 
above or below this value result in armature currents which are 
greater than those obtained for unity power factor. 

Experimentally a V-curve may be obtained as followd: The 
power input to the motor is held constant by adjusting the mechan- 



Y* Fhue Endtatioii 

Fig. 87.—^V-curves and Compounding Curves for a STnohronous Motor 

ical load on the motor; the impressed voltage and frequency are 
k$pt constant by adjusting the speed and the field current of the 
■alternator supplying the motor; and measurements are made of 
the motor armature omrents for different motor field curren-ts. 
The actual values of the excitation voltages corresponding to 
the different field currents may be obtained from ^e no-load 
saturation curve of the motor. 
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68.—^Vootor Diagram for a Synohron- 
ouB Motor Showing Components (tf Excita¬ 
tion Voltage and Cuiient 


A curve shotting the relation between the armature currents 
and excitation voltages to maintain constant power factor for 
different loads is called a compounding curve. A family of V- and 

compounding curves are 
^own in Eig. 87. 

116. Mathematical An¬ 
alysis of the Performance 
of a Synchronous Motor.— 
The motor power of a syn¬ 
chronous motor may be 
expressed in terms of the 
power factor an^e 6 and 
the electrical space displacement a of the rotor. Thus referring 
to Fig. 88 the motor power may be expressed by the relation 

Pie=E'iIi cos (d—a) (6) 

’=E'iIi cos 8 cos a+E'ih son 6 mix a 

(7) 

where e, ei and i, ii are the components of the excitation voltages 
and the armature current respectively. 

The components of the current referred to the impressed 
voltage may be calculated by the rdation 

T _Fi—- _v—e+jei 

Ii= —s-=»—ni =—=- 


and 


Zi Zi 

[ri(p-e)-f Xid] -jlXi(v-e)-nei] 
n»+Xi3 


( 8 ) 


n _[nCo-e) +Xie^e+[X{v—e)-riei]ei 

. ri^+Xi^ 

Since e=E't cos a; si ^E'l sin a; and Fi=»it follows that 


Pm=- 


',2 


_ VlE' i[ri cos a-|-Xi sin a]— riE‘ * 

n^+Xi^ ^ w 

For a given value of E'l, Vi, ri> and Zi the muYiTnnTn motor 
dP 

power occurs when “^=0- The approximate value of a under 

these conditions may be determined by differentiating equation 
(9) and equating the result to zero. Thus 

dPit_VlE'lr _ I -p-_ in 

-^=-^^1,—ri am«-|-Xi cosa]=0 
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a=tan-i^=/5 (10) 

Substitutmg for sm a the value and for cos a the value ^ in 

Zi 

equation (9), we obtain for the maximuin motor power at a given 
excitation the expression 

~Zi -^ 

The excitation voltage required to obtain the TriftTiminn pos¬ 
sible motor power may be obtained by differentiating equation (11) 
with respect to E'l and equating the result to zero. Thus 

dPMie_Vi 2riE'i_n f^n\ 

dE'i ~Zi Zi^ 


The expression for the maximum possible theoretical motor 
power is obtained by substituting this value of E'l in equation (11). 
By canying out this substitution, we obtain 

Vi® 

P watts per phase (13) 

By making and a=/S in Fig. 88 it is readily shown 

that the maximum possible motor power occurs when the impe¬ 
dance drop 

and that the current under these conditions 

The power factor of the motor when the mn-TiTmiTn possible 
motor power occurs may be calculated by substituting (13) and 
(14) in the relation 

Pjf = Vih cos 6—tIx^ 

Thus 




cos 9=1 
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Condusioxis based on equations (10-16).— 

1 . Equation (10) shows that for a given Vi, fi and Zj, 
the TnavininTn motor power or appronmately the marimum torque 
occurs when the excitation voltage of the motor is displaced 

y 

a=tan"^— electrical time degrees with reference to the corre- 

spending phase voltage of the alternator suppljdng the motor. 

2 . Equation (11) shows that for a given E'l, n, and Zi the 
tniMrinniiin motor power of a synchronous motor is some function 
of the first power of the impressed voltage. 

3. Equation (11) also shows that for a given ri, Zi, and B'l » 
constant times Vi, the maximum motor power is a function df 
the square of the impressed voltage. 

4. Equation (15) shows that the maximum theoretical motor 
power is obtained when the power factor of the motor is unity. 

6 . Since the resistance of an armature winding is very small 
compared with the numerical value of the impressed voltage, it 
follows that the armature current at which the maximum possible 
power occurs is far beyond the current rating of the machine. 

117. Current Circle Diagram for a Synduronous Motor.— 
The performance curves of a synchronous motor may be obtained 

from a current circle dia¬ 
gram. The diagram used 
is based on the assumpn 
tion that Vi, n, and Zi 
are constant throughout 
the entire operating range 
of the motor. 

The current circle 
diagram is obtained 
from the voltage drop- 
current diagram in lig. 89, by dividing Fi, E'l, and Zih by Zi. 
Thus in Fig. 90, which represents the circle diagram, the line 
Vi 

represents the current in the armature when the excitation 
voltage is zero; the distance PSand the distance 



Pra. 89.—^Vector Diagram for a Synchronoiu 
Motor 




Zih 

Zi 


=/l 
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* 

The triangle PSO (Fig. 90) is similar to the triangle 0^15 (Fig. 89). 
The angle P0<S=an^e 0BA=p—B. The angle Q0P=P and 
therefore the an^e QOS=6, the power factor angle of the motor. 
The construction of the circle diagram is completed by bisect- 



Fia. 00.—Current Cirole Diagram for a Synchronous Motor 


ing the line OP and erecting the perpendicular LQ. The distance 
OQ equals the distance PQ; the length of each of these lines is 


Zl 

OL _2Zi Fi 
cos P _ri_ 2ri 
Zi 


It follows that the line OQ represents the armature current for the 
maxiTTnim possible theoretical power [see equation (14)] and the 
line P4{Zi) is the excitation voltage required to obtain the maxi¬ 
mum possible motor power. 
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' The line 5Q is a function of the motor power and may be 
calculated by the following method; 


•wTtf yi‘ jtm 
^ ~4ri» n 


therefore 

( 16 ) 

% 

When the motor power has the maximum possible value, £1(2 
is zero and 


therefore 


^ 1-^-0 


p/ -h! 


( 1 - 


ConclusionB based on the circle diagram: 

1 . For a given Vi, ri> and Zi, and for an excitation voltage 
(JPS) XZi, the Tnn.xiTTiiiTn motor power is a function of the distance 
WQ. 

2 . For a given motor power SQ the minimum theoretical 
excitation voltage is (PM)XZi and the maximum, theoretical 
excitation voltage is (PN)XZi. 

3. For a given motor power SQ the theoretical operating range 
is greater for leading than for lagging power factor. 

4. If OT=OU=Tttbsd armature current for the motor and 
SQ is constant. The angle TOQ is the maximum angle of leading 
current and the angle UOQ the maximum angle of lagging cxuront 
at which the machine may be continuously operated. It is assumed 
that the current rating of the armature is not influenced by changes 
in the field cmrent. 

118. Starting Torque of Synchronous Motors.—The armature 
current in a single-phase synchronous motor produces an alternat¬ 
ing field which is fixed in position relative to the armature con¬ 
ductors. This field produces absolutely no starting torque and 
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for this reason all sing^e-pliaae s 3 aiclironoiiB motors must be 
synchronized by one of the methods outlined in the chapter on 
parallel operation of alternators. Single-phase synchronous 
motors on account of their unstability of operation are seldom 
used and further consideration of their operation is not required. 

In a polyphase motor the field produced by the armature cui^ 
rents is nearly constant in magnitude and revolves with reference 
to the armature conductors. This field cuts across the main 
field poles (the rotor) and a unidirectional torque is exerted on the 
rotor. The starting torque is due to the following things: 

1. Hysteresis in the rotor iron. 

2 . Eddy-currents in the rotor iron. 

3. Eddy-currents in the pole-face winding. 

In the discussion which immediately follows it is assumed that 
the rotor winding (the main field winding) is open-circuited. 

The torque due to the h3rBtereais of the rotor iron is caused by 
the lag of the resultant rotor 
magnetization behind the axis 
of the revolving magnetomo¬ 
tive force of the stator wind¬ 
ing. That is, magnetic hyB- 
teresis causes an angular dis¬ 
placement (see Kg. 91) be- PIQ. 91.-^3tartiiig Torque of an A-c. 
tween the poles formed on the Motor Due to Magnetic HysteresiB 
stator and the rotor and as a 

result of this displacement a small torque is exerted on the rotor. 
The direction of the torque is the same as that of the revolving 
magnetomotive force. 

The torque due to the eddy-current losses in the rotor iron is 
small compared with that produced by the currents induced in the 
pole-face winding. The pole-face winding shown in Kg. 92 con¬ 
sists of copper bars embedded in the pole faces and short-circuited 
by end rings. Any relative motion between these bars and the 
air-gap field results in a large circulating current through them. 
The field produced by these currents reacts on the armature 
field and a torque is developed tending to rotate the rotor in the 
same direction as the rotation of the armature field. The magni¬ 
tude of this torque depends on the followmg things: 

1 . Resistance and reactance of pole-face windings. 

2 . Relative speed between the armature field and the rotor. 


^ rt 


I I. ^ DlrecdcmofRotathm 

tfuHobOO ^ AimatnrePWa 


Dlroetlon of Tortile 
an Rotor 



148 THEORY OF OPERATION OP SYNCHRONOUa MOTOR 

3. Magnitude of armature field. 

4. Eadiua of rotor. 

(See induetion motor theory.) 

By proper dedgu of the pole-face winding it is possible to 
construct a synchronous motor having a high starting torque and 
a high pull-in (synchronizing) torque. A higb torque near 
synchronous speed is essential to obtain exact synohronism. In 



{By Oho eowUvu of the WeaHnghouu Co,) 

Fia. 92.—Rotor of a Synchronous Motor Showing Pole-faoe Winding 


order to understand how exact Bynchronism is obtained the reader 
should review part (6), “ Principle of Operation of the Synchronous 
Motor/' Chapter "VIII. 

119. Induction Motor Method of Starting a Polyidiase Syn¬ 
chronous Motor.—^Any properly designed polyphase synchronous 
motor may be started like an ordinary sQuirrel-cage induction 
motor. The method consists in connecting the stator winding 
of the motor to the supply throu^ a starting compensator 
(auto-transformer). The mitial value of the voltage applied to the 
winding is approximately 00 per cent of the rated voltage of the 
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motor. During the starting period the armature field cuts across 
the ttiriti field coils and to prevent a high volta^ from being in¬ 
duced in them it is necessary to either short-circuit the field wind¬ 
ing or to supply it with a s m all direct-current excitation. When 
synchronous speed is reached (one can tell by the sound of the 
machine and the magnitude of the armature current) the field 
current is adjusted until the desired power factor is obtained. 

120. Hunting.—^Hunting in syndironous motors is similar to 
that produced when alternators are operated in parallel. A 
periodic change in the mechanical load, or a sudden change in the 
mechanical load or supply frequency results in rotor oscillations. 
The amplitude of these oscillations is greatly reduced by the pole- 
face winding (annortisseur windings). When the rotor oscillates 
a relative motion between the air-gap flux and the pole--face 
winding takes place, currents are induced in the pole-face winding 
and forces are set up in opposition to those producing the oscilla¬ 
tions. A pole-face winding on a synchronous motor serves two 
useful purposes, namely: the starting torque and the stability of 
operation are increased. 

121. Power Factor Correction with Static and Synchronous 
Condensers.—Power is most economically generated and dis¬ 
tributed at unity power factor. By the use of suitable equipment 
it is always possible to obtain unity power factor or very close to 
it. A consumer of power operating at a low-power factor is 
required to pay higher rates than one operating at a high-power 
factor, and for this reason power factor correcting devices diould 
be connected in parallel with inductive loads. The power factor 
of a reactive load may be improved by connecting in parallel 
with the load either a static or a synchronous condenser, depending 
on the magnitude of the load and its power factor. 

Power factor correction with static condensers (parallel plate 
condensers) is limited to relatively small inductive loads. On 
low-voltage circuits the static condenser is connected across the 
secondary winding of a step-up transformer and the primary 
winding of the transformer is connected in parallel with the 
inductive load. The power factor of the primary winding of the 
transformer is approximately equal to that of the secondary 
winding and for this reason a transformer and condenser com¬ 
bined enable one to obtain a large condensive load by the use of 
a relatively small condenser. On high-voltage circuits the con- 
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denser is'sometimes comxeoted directly to the line. If the voltage 



is too hi^ it may be necessary to 
connect the condenser to the second¬ 
ary winding of a step-down trans¬ 
former. 

The power factor of large reactive 
loads is readily corrected by a syn¬ 
chronous motor operating in parallel 
with the load. The reactive com¬ 
ponent of the current taken by a syn¬ 
chronous motor is determined by the 
field excitation of the motor and may be 
made to balance the reactive com¬ 


ponent of the load current. Thus, in Fig. 93, the reactive com¬ 
ponent Vr of the motor current is made equal to the reactive 



{By iht eourU»v of the General Blectrxc (Ju ) 

Fig. 94.—Synchronoue Condenaer 


component Ir of the load current and as a consequence the result¬ 
ant current in the supply circuit is in phase with the load voltage. 
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A synchronous motor when used for balancing the reactive 
component of the current taken by an inductive load is called a 
“ Synchronous Condenser.” The construction of a synchronous 
condenser (Fig. 94) is siTnilar to that of a S3mchronous motor. 
Due to the fact that the external mechanical load on the synchron¬ 
ous condenser is ^ero a much smaller shaft may be used thfl.n 
that required for an ordinary motor operating at the same voltage 
and current. 

122. Transmission Line Voltage Control with a Synchronous 
Condenser.—The voltage at the receiving end of a long transmis¬ 
sion line under certain conditions is subjected to wide fluctuations. 



Fiu. 06.—Voltage Control at the End of a TransiniBBion Line by Using a 
Synchronous Condenser 


At no-load a long line requires a considerable charging current 
and the drop in the line due to this current when subtracted 
vectoriaUy from the generator voltage results in a much high er 
receiving end voltage than that furnished by the generator. On 
the other hand, if the transmission line supplies an inductive load 
the voltage drop in the line subtracted veotorially from the 
generator voltage results in a much lower load voltage than that 
across the terminals of the generator. 

A nearly constant voltage may be obtained by connecting a 
synchronous condenser across the receiving end of the line. If 
for any reason the voltage across the synchronous condenser tends 
to increase above the normal value the synchronous machine 
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takes a laggiiig current from the line and the line drop caused by 
the lagging current tends to prevent the increase in voltage. ^ 
Similarly if the voltage across the synchronous condenser decreases ^ 
below its normal value the machine takes a leading current from 
the line and the line drop now tends to increase the load voltage. 

Fig. 95a represents a simplided equivalent circuit for a transmission 
line; in this special case the electrostatiG capacity of the line is 
ne^ected. Fig. 955 shows that a lagging current through this 
particular line tends to lower the load voltage and Fig. 96c shows 
that a leading current through the line tends to raise the load 
voltage. 


PROBLEMS 

1. (a) Show by a Beries of diagrams that when a two-phase current is set 
up in a two-phase armature winding a revolving magnetic field is produced. 
(5) Show that the speed of the revolving field is strictly proportional to the 
frequency of the current. 

2. ThB following things are known about a 220-volt, O-pole, 60-cycle, 
three-phase synohronouB motor: 

Effective resistajice per deltar-phaae at the operating temperature, 
0.109 ohm; 

Synchronous impedance per deltar-phase at the operating temperature, 
0.84 ohm; 

The motor is connected to a 220-volt, 60-cyole, baJanoed three-phase 
supply, and the current per terminal is 36 amperes. The field current of the 
motor is so adjusted that the excitation voltage is 220 volts, (a). Calculate: 
( 1 ) the speed of the motor; ( 2 ) the power factor at which the motor operates; 
and (3) the total power which leaves the armature winding of the motor. 
(5) Construct a complete voltage drop-current vector diagram for the motor. 

8 . The following things are known about a 12-h.p., 220-volt, three-phase, 
6 O- 0 yo]e, Y-oonnected synchronouB motor: 

No-LOAn Satdhation Cuava 

(Frequency, GO^^des) 

Field Current 
4 
6 
8 
10 
12 
14 


Terminal Voltage 
146 
199 
238 
264 
284 
296 
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ZsBo PowBJB Faotob Cubvb 

(Frequency, 60 Cycles; Temperature, 26® C., and Line Current, 39.4 Amperes) 

Terminal Voltage Field Current 
0 6.9 

158 12.0 

199 14.0 

229 16.0 

D-o. resistance between tenninals (measured at 25® C.) 0.253 ohm. 

Effective resistance » 1.36 timea d-o. resistance at 75® C. 

Total friction 4* windage + core loss ■■ 1.95 kw. (Assume that this loss 
is constant for all loads.) 

The motor is connected to a balanced 220-volt, 60-oyale, three-phase supply 
and ddivers 7.6 h.p. at the pulley. The power factor of the motor is unity 
and its operating temi>erature is 75® C. Calculate the field current required 
by the motor. (The motor is excited from a separate source.) 

4 . (a) Predetermine a V-curve for the motor speciffed in Problem 3 
corresponding to 6 h.p. output at the pulley. (The excitation voltages may 
be calculated by analytical methods or may be obtained from the drole 
diagram.) 

(6) "Wbat assumptions did you make in solving part (a)? 

6 . The synchronous motor specified in Problem 3 is operated from a bal¬ 
anced 220-volt, 60-cycle, three-phase supply. The motor drivers 4 h.p. and 
operates at unity power factor. Cfdculate: (a) the field current of the motor; 
and (5) the power factor of the motor when the frequency, field current, and 
the load are the same as in part (a) but the impressed voltage is 15 per cent 
greater. 

6 . The s 3 mchronouB motor in Problem 3 is oi>erated from the samfl power 
supply as a g^roup of small induction motors. The total power input to the 
induction motors is 10.7 kv-a. at 74 per cent lagging power factor. The out¬ 
put of the synchronous motor is 6 Lp. The line voltage is 220 volts and the 
frequency 60 cycles. The fi^d GUirent of the synchronous motor is so adjusted 
that the combined load operates at unity power factor, (a) CWculate: 
(1) the current input to the induction motors; (2) the current input to the 
synchronous motor; (3) the field current of the synchronous motor; and 
(4) the current input to the combined load, (b) Draw a complete voltage 
drop-current vector diagram for this particular load. 

7. The synchronous motor in I^blem 3 is operated at rated output, 
(a) Calculate the majriTmi-m and Tnmimnm theoretical excitation voltages at 
which this motor will operate. (5) Do you consider these voltages practical? 
Why? (c) What assumptions did you make in the solution of this problem? 

8 . The synchronous mo+^or in Problem 3 is operated from a 220-volt, 
ffO-cyole balanced three-phase source. Calculate the maximum theoretical 
motor power possible. 

9 . The synchronous motor in Problem 3 is operated at the end of a three- 
phase transmission line. The motor is driven by a generator whose constants 
are equal to the constants of the motor (the maohinea are identical). The 
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fields of the two machiiieB are exdted from entirely independent souroes. 
The field current in each inaobine is 9 amperes. The frequency is 60 oyoles. 
The transmisflion line has a resistance of 0.31 ohm and an inductive reactance 
of 0.4 ohm (each wire). The load on the oynchronous motor is 4 h.p. The 
operating temperature of the machines is 26^ C. (a) Calculate: (1) the 
voltage across the terminals of the motor; (2) the voltage across the terminals 
of the generator; and (3) the phase angle between the excitation e.m.f.’s of 
the two machines. (5) Construct a oom]^lete vector diagram showing the 
voltage and current lelationa. 

10. A certain Bynchronous motor is operated *at constant frequency and 
at constant field current. Prove that the maximum theoretical torque is a 
function of the first power of the impressed voltage. 

11. A certain synchronous motor is operated at constant frequency and at 
constant power factor. Prove that the maximum theoretical torque imder 
these conations is a function of the square of the impressed voltage. 



CHAPTER X 


RECTIFICATION OF ALTERNATING-CURRENT 

Many receiving circuits reqxiire direct-current and must be 
supplied by either a d-o. generator or through a rectifying device 
operated from an a-c. drouit. Small quantities of d-c. power 
may be obtained from a-c. sources through mercury-vapor, ther¬ 
mionic, electrolytic, or mechanical rectifiers. Street-railway systems 
and electro-chemical processes requiring large quantities of d-o. 
power are supplied by synchronous converters or by moto]>genei> 
ator sets. 

% 123. Sjmcbronous Converter.—^A synchronous converter is a 

motor-generator in which a single armature winding serves the 
double purpose of a motoi^-armature winding and a generator- 
armature winding. If this type of machine is used to transform 
a-c. power to d-c. power its speed is strictly proportional to the 
frequency of the a-c. supply and the d-c. voltage obtained is propor¬ 
tional to the arC. voltage of the supply. 

The s 3 mchronous converter is the most efficient and most 
reliable revolving electrical machine. Its efficiency is close to 
that of a stationary transformer and is considerably higher than 
that of either the motor or the generator element of a motor- 
generator set having separate armatures. Commutation difficul¬ 
ties and flexibility of voltage control originally limiting the use of 
this type of rectifier have been entirely overcome. A modem 
synchronous converter known as a synchronoue-booster con¬ 
verter is shown in Fig. 96. Two armatures are used in this par- 
. ticular machine. One of the armatures is relatively small and 
serves merely to boost or buck the a-c. voltage before it is impressed 
pn ^e TTiftiTi armature winding. Fig. 97 illustrates how this 
particular converter is connected. 

124. Armature Winding of a Synchronous Converter.—The 
armature winding of.a synchronous converter is siTnilaT to that 
of a d-c. generator; a mesh connected winding is required. Elec- 
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¥iq, 96,—Synchronoufl CJonverter 


trical connections axe made to a commutator at one end of the 
armature winding and to collectoi^rings at the other end. In a 
three-phase machine, three collectoi>ringB are required and the 



Fla. 97.—^Wiring Diagram of a ^ynchronoufl Booster Converter 


armature winding is tapped every 120 electrical space degrees. 
In general the number of tapping pointB required on a polyphase 
converter is equal to the product of the pairs of poles by the 
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number of phafies . The connections to the commutator are 

minilftr to those in a d-c. generator. Mg. 98 illustrates how the 
armature winding of a three-phase machine is connected to the 
collector-rings and to the commutator. 

A given converter armature connected for six-phase operation 
has approximately two times the capacity of a like armature con¬ 
nected for single-phaae operation. For this reason and the fact 
that power transformations from three-phase to six-phase are 


D-a TX> 



Fig. 98.—^Armature Winding of a Synchronous Converter 

readily made, converters are usually connected for six-phase 
operation. 

126. Theoretical Voltage and Current Ratios of a Synchronous 
Converter.—^In supplying a d-c. load by a synchronous converter 
one is interested in accomplishing the transformation from a-c. 
to d-c. efficiently and at a Tninimiim outlay of capital. Since the 
a-c. transmission circuits and the converter circuits usually operate 
at decidedly different voltages it is seldom possible to make the 
transformation by direct connection of the converter to the 
source of power; i.e., transformers are necessary to form the 
proper connecting link between the supply and the converter. In 
order to determine the voltage and current ratings of the trans¬ 
formers it is necessary to know the relations between the voltages 
and the currents on the arc. and d-c. sides of the converter. 
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Voltage ratio.—^In order to determine the voltage ratio 180 
eleotncal space degrees of the armature winding in Fig. Q0 will 
be considered. On this diagram the armature winding taps to 

360 

adjacent collector-rings are located — electrical space degrees 

apart; the d-c. brushes are located 180 electrical space degrees 
apart; and the armature slots are S electrical space degrees apart. 

The armature coils cut across the same field flux and for this 
reason the r.m.s. values of the e.m.f.’s induced in them are equal. 
On account of the location of the coils the e.m.f.’B in adjacent 


M 



Fig. 99.—Portion of the Anna- Fig. 100.—^Vector Diagram of the Volt- 
tnre of a Synchronous Converter ages in a Synchronous Converter 


coils are B time degrees out of phase. This is so because in any 
synchronous machine the electrical time angle between the e.m.f.’B 
in the coils is equal to the electrical space angle between the 
physical locations of the coils. On this basis it follows that the 
vectors representing the voltages in the coils located between NM 
(180 electrical space degrees of the winding in Fig. 99) placed end 
to end as shown in Mg. 100, form a semi-circle. 

The d-c. voltage (7*,) is equal to the sum of the instantaneous 
voltages induced in the coils located between N and JIf; it is equal 
to the length of the vector NM. The TnaYiTnnm value of the 
a-c. voltage induced between adjacent rings is equal to the vector 
sum of the voltages induced in the coils located tetween W and M 
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and is equal to the vector WM. From Fig. 100 it follows that 


or 


y»(max.) = y*,,sm 


h 


Vitag^Yao{T.Ta..a.) 


V2 


am 


IT 

2 


( 1 ) 


Equation (1) neglects the armature resistance and reactance 
drops and is an approximation; ordinarily the armature drop is 
email. 

Current ratio.—^The a-c. power input to the portion of the 
armature winding WM in Fig. 99 is Vrtngl^coa cos 6, where Jeon 
represents the r.m.s. value of the a-c. component of the current 
in any of the coils located between WM. The total power input 
for 360 electrical space degrees of the armature winding is 
qVtugleoa cos d and the total input for the whole armature is 
V 

^gVrtng-foou cos 6. The total input multiplied by the efficiency (Q 
gives the total d-c. output. That is 



qVttag loan COB = YorIta 


( 2 ) 


This formula enables one to calculate the a-o. component of the 
coil current. 

A formula showing the rdation between the total altemating- 
current entering a ring and the total d-c. output may be obtained 
by substituting for its value in terms of I ^ . 

The total current entering a collector-ring is 



(3) 


The tap current (7tm)'the current entering say tap No. 1 in 
Fig. 99, is equal to the vector sum of the coil currents Jwm and 

IwT. The currents from M to W and from W to T are — time 

Q 

degrees out of phase and have equal r.m.s. values. The tap cur¬ 
rent is obtain^ as indicated by Fig. 101. The magnitude of 
this current is 

7ft®=27ooa fiin — 


(4) 
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Substituting (1), (3), and (4) in equation (2), we obtain 

_ _ 2V2ho 

^ JGOS^f 


( 6 ) 


This is also an approximation because the voltage drop in the 
winding is ne^ected. 

126. Resultant Current in an Armature Coil of a Converter.— 

In a synchronous convert¬ 
er, motor and generator 
actions take place in the 
same armature winding. 
For this reason the actual 
current in any coil may 
be considered the result¬ 
ant of two components.' 
The motor current flows 
in opposition to the gen¬ 
erated e.m.f., and the generator current flows in the direction 
of the e.m.f. 

To obtain an expression for the actual current in any coil, such 
as coil Q in Fig. 99, it is necessary to determine the magnitudes 
and wave shapes of the a-o. and d-c. components. 

Magnitude and wave form of d-c. component.—The magnitude 
of the d-o. component is determined by dividing the total output 
current by the paths in paralleL For a lap wound machine the 
d-c. component in any coil is 

( 6 ) 



Pig. 101. —^Vector Diagram Showing the Coil 
and Tap Current in a Synchronous Con¬ 
verter 


where J'*, is the direct-current in one brush set. 

The wave shape of the d-o. component is rectangular, for the 
simple reason that the current in any armature coil of a d-c. 
generator is constant in magnitude and direction during -the time 
required for the coil to move from one brush to the next. Thus, 
when coil Q is commutated by brush A, the current in it reverses 
and remains constant until the coil is commutated by brush B. 
The time at which a coil undergoes commutation depends on the 
location of the coil on the armature and for this reason the d-c. 
component waves are different for each coil located between two 
adjacent brush sets. 
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Magnitude and wave fonn of the a-c. component.—The r.m.s. 
value of the anj. component of the coil current ia obtained by solv¬ 
ing equation (2). The magnitude of this component is 

(IjS^rlDnOOS 

A sinusoidal wave shape is assumed. The phase relation of this 
current with respect ta the phase impressed voltage depends on 
the power factor at which the machine is operated. The operation 
of a converter on the a-c. side is aimilar to that of a synchronous 
motor; i.e., the power factor is determined by the field current 
and the impressed voltage. 

Wave ^hape of the resultant current in any coil located (^) 
electrical i^ace degrees from the central coil of a phase.— 
wave shapes of the resultant currents in all the coils constituting a 
given phase band are different. This is evident when we keep in 
mind that the a-o. components in the coils of a phase band (such 
as WM in Kg. 99) are equal and in phase, and that the d-c. 
components are equal, but do not reverse (commutate) at the 
same time. 



PiQ. 102.—Coxaponeata and Rcsultaat Current m an Armature Coil of a 
SynohronouB Converter 

Figure 102 represents the two components and the resultant 
current waves for coil Q (see Fig. 99). The converter is assumed 
to operate at a lagging power factor and is driven in a counter- 
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dookwiBe direction. In plotting the wave shapes of currents in 
the coils a suitable reference curve must be used; in this particular 
fjyaA the phase impressed voltage is used as the reference curve. 

The equation for the resultant current at any instant referred 
to the timR at which a coil undergoes commutation is (see Fig. 102) 

i=V^I„(.ou)BinM-(fl+^)]-^ (8) 

This equation holds between the limits coi=0 and In the 

equation 6 is considered as positive when the current lags the 
impressed voltage and ^ is posative when the coil under considera¬ 
tion is located ahead (in the direction of rotation of the armature) 
of the central coil of a phase. 

127. Armature Heating of a Synchronous Converter.—The 
average square of the current obtained from, equation (8) is 

D_i(v,.=ivr- i-— (»+») ] (9, 

(ooB5)®(f)*g®sin*- (coBfl)€irgBin2^ 

L <? 31 

This equation shows that for a lagging power factor (B positive) 
the r.m.B. value of the resultant current ia a maximum in the coils 
located near the leading tapping point positive), and for a 
leading power factor {6 negative) the r.m.B. current is a maximum 
near ^e trailing tapping point native). In general for a 
given power factor, the current in a coil has the minimum r.m.s. 
value when ^ is such that (^^+0) =0 and the maximum r.m.s. value 
when (^+0) has as large a positive or negative value as is possible 
in the given machine. 

The average heating in a coil is proportional to the square 
of the r.m.a. current; it is proportional to 2) in equation (9). 
Therefore, the average heating for all the coils in a phase bdt is 
proportional to 



128. Relative Oulputs of an Amoature when Operated as a 
Converter and as a D-C. Generator.—^Let !",(,=direct-current 
output per brush set when the armature is operated as a d-c. 
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generator, and let J'*.=direct-ciirrent output per brudi set when 
the armature is operated as a converter, then for equal heating 


I'V /V 

^ ■ 1 

-l-iil 

4 4 

(cos 6)^^^ g 



and the relative output currents are 


To. 1 


/ ® 1 

-1-16 

yj (cos 



( 11 ) 


If we assume the efficiency 100 per cent (f = 1) and the power 
factor unity (cos ^=1), the following results are obtained from 
equations (11). 

Number of phases (g) 

1 
3 
6 
12 

129. Armature Reaction in a Synchronous Converter.—Since 
motor and generator action take place in the same armature it is 
natural for one to expect less armature reaction in a converter 
than in either a d-o. generator or a synchronous motor. The 
a-c. components of the currents in the armature winding produce 
a field which revolves about the armature conductors at synchron¬ 
ous speed and in a direction opposite to the rotation of the armature 
itself. Since the armature revolves at synchronous speed, this 
field for a given load and excitation reimains fixed in position 
relative to the main field poles. The field produced by the d-c. 
components in the armature windings also results in a reaction 
field, which for a given load and excitation is fixed in position 
with respect to the main field. The two reaction fields are 
in opposition because during the major portion of a cycle the 
current components are in opposition. For a given d-c. output 
the current input on the a-c. side depends on the power factor 


0.86 

1.33 

1.93 

2.18 
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aad siace the armature magnetomotiYe forces depend on the 
currents it follows that the resultant armatiure reaction obtained 
in a converter depends largely on the power factor. 

ISO. Methods for Changing the D-C. Voltage of a Synchronous 
Converter.—^If the a-c. voltage across the rings of a converter is 
maintained constant, no variation in the excitation of the converter 
win appreciably alter the d-c. voltage. This is evident if we keep 
in mind that the air-gap flux in a synchronous motor remains 
practically constant regardless of the field current, and that the 
voltage developed by a d-o. generator depends on the air-gap 
flux. In order to change the d-c. voltage of a converter it is neces¬ 
sary that the phase hnpresaed voltage of the converter be changed 
or that a d-c. booster be connected in series with the d-c. load. 
The following methods of voltage control are used: 

1. Synchronous booster. 

2. Induction regulator. 

3. D-c. booster. 

4. Split-pole field. 

5. Beactance in the a-c. leads. 

Syndironous booster converter (Figs. 96 and 97). The two 
armatures are wound for the same number of phases and poles 
and are mechanically fastened together by a common diaft. 
The armatures are electrically in series and-any change in excita¬ 
tion of the booster field results in a change in the phase voltage 
across the converter armature and therefore results in a change 
of the d-c. voltage. The voltage of the booster armature may be 
made to dther raise or lower the voltage., 

When the booster is used for raising the phase voltage, generator 
action takes place in its armature, and it is mechanically driven 
by the converter armature. On the other hand, if the booster is 
used for lowering the voltage, motor action takra place in its 
armature, and the converter armature is driven by the booster 
armature. It is apparent that a change from boost to buck may 
result in a reversal of the armature reaction (n the converter 
armature. For this reason the commutating field winding must 
be BO dedgned as to take care of the reversal in reaction. This is 
accomplished by having a two-circuit winding on the oommutatLog 
poles. One of the windings is connected in series with the d-c. 
brushes and the other winding is coimected thmn gh a reversing 
switch across the d-c. brushes of the converter. The reversing 
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switch is operated by the same meohanism which operates the 
reversmg switch of the booster field. 

Inductioii regulator control.—natural and efficient way of 
regulating the voltage of a converter is to insert induction regu¬ 
lators in the a-c. leads of the converter. This method has tiie 
disadvantage that the regulators require considerable floor space 
and that the first cost is high compared with that of a synchronous 
booster. 

D-C. booster.—^Another natural method for controlling the 
voltage is to connect a d-c. booster in the d-c. circuit. The d-c. 
booster requires more space and costs more than an a-c. booster. 
The method also has the disadvantage that two sepamte com¬ 
mutators must be maintained. 

Split-pole converter.—In this type of converter a amall regulat¬ 
ing pole is located near each main pole. Two shunt field windings 
are required. One of the windings is wound on the mra-n pole and 
the other on the regulating pole. The excitation of the two 
windi n gs may be altered independently and the field form may 
be altered without changing the total flux per pole (main and 
regulating pole combined). This method for regulating the 
voltage is based on the fact that the voltage across the d-c. brushes 
depends, on the total flux cut while the fundamental in the a-c. 
counter voltage depends on the wave shape of the field as well as 
on the flux cut. This method is not used a great deal on account 
of commutation difficulties and on account of the fact that certain 
transformer connections cannot be used. 

Reactance method of voltage control.—^In this method of d-c. 
voltage control inductive reactances are connected in the a-c. 
leads of the converter. If with this arrangement the excitation 
of the convert is changed, the drop across any reactance and its 
phase relation to the impressed voltage are changed. A leading 
current through the inductive reactances results in a higher 
collector-ring voltage than may be obtained directly from the 
secondary windings of the transformers supplying the converter. 
With the reactances inserted, oveivexcitation of the field of the 
converter results in a higher than normal d-c. voltage, and undeiv 
excitation of the field results in a lower than normal voltage. 

131. Three-phase to Six-phase Transformation.—^A six-phase 
supply may be readily obtained from a three-phase supply by the 
' use of three stationary transformers. Several schemes for con- 
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neating the transfoimera axe possible and it is the purpose of tfab 
article to show the principles involved in several of the schemes 
used. 

The supply voltage requirements for a balanced sis-phase 

receiving circuit 
may be studied by 
reference to Kg. 
103a, which repre¬ 
sents 360 electrical 
space degrees of the 
armature winding 
of a six-phase con¬ 
verter. If oscillo¬ 
grams axe taken of 

Fig. 103. — ^Three Himdred and Sixty Eleotrioal-apaoe voltage drops 

Degrees of the Armature Winding of a Synchronous from 1-2, 2-3, 3-4, 
Converter 4-6, 5-6, and 6-1, 

six waves 60 electri¬ 
cal time degrees out of phase are obtained. If six equal resistances 
axe connected to 1, 2, 3, 4, 6, and 6 in star so as to form a neutral 
Kg. 1036 and oscillograms taken of the voltage drop from neutral 
(0) to 1, 2, 3, 4, 6, and 6 in succession, voltage waves 60 time 
degrees apart are again obtained. 

Oscillograms of the voltage drop 
1-3, and 6-4 show that these volt¬ 
ages are in phase; aimilariy the 
voltages 3-n5 and 2-6 axe in phase 
and the voltages 5-1 and 4-2 axe 
in phase. Kg. 104 is a vector 
diagram showing all possible volt¬ 
ages in a six-phase circuit. 

Diametrical and double Y-con- 
nectlon of three trauBfoimers.— 

These schemes of connection are 
based on the fact that a sins^e- 
phase circuit is no longer a single-phase circuit when the pomt 
of reference is moved from one line wire to a point located in the 
loadk Thus in Kg. 105 when the reference point is on line 1, 
the voltage from 1 to 2 may be represented by a single wave. 
On the other hand, if the point of reference is located at o, two 





Fig. 104.—^Voltage Relations in a 
Balanced Six-phase Load 
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voltage waves voi and vos, are obtained; for a uniform impedance 
load these voltages are 180 degrees out of phase. 

From Figs. 103 and 106 it is apparent that the voltages 
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(«) 


IS 

(F10+F04), (Fso+Foe), and(76o+Fo2) 
are equal and 120 time degrees out of 
phase. These voltages may be obtained 
from the secondary windings of three 
transformers connected as shown in Fig. 

106. 

The diametrical and double-Y connec¬ 
tion differ only in that a neutral is pro¬ 
vided in the latter scheme. The neutral 
may be grounded or may be used for the 
return circuit of the middle wire of an 
Edison three-wire system. 

In either the diametrical or double-Y 
connection the primary windings of the 
transformers ^ould be connected in Y. 

Especially is this true when the field of 
the converter has a third harmonic in the 
space distribution of the fiux. A third 
harmonic in the fiux results in a third 
harmonic e.m.f. between any two tapping points on the arma¬ 
ture located r electrical space radians apart. If the primary 
windings are connected in delta, a third harmonic voltage im¬ 
pressed across the seo- 



Fia. 106.—^Voltage Waves 
of a Single-phaw Load 



ondary windings may 
result in a large circu¬ 
lating current through 
the primary windings 
and may produce exces¬ 
sive heating. 

The double-delta con¬ 
nection (Fig. 107).—This 
scheme of connection is 
based on the fact that the 
voltages 1-3 and 6-4 are 
in phase and equal and may therefore be supplied by a transformer 
having two separate secondary windings. Similarly the voltages 
(3-5, 2-6) and (5-1, 4-2), respectivdy, may be supplied by 


Fio. 100.—Diametrical and Double Y-Connec- 
tion of Three Transformers 
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107.—Double Delta-Connection of Three 
Tranfiformers 


transformers having two secsondary windings. The double-delta 
connection is slightly more complicated than the diametrical, but 

the third harmonic 
due to a non- 
ainusoidal field form 
produce no circulating 
currents. 

132. Special Y- 
connectlon of Trans¬ 
formers for Convert¬ 
ers Supplying an 
Edison Three-wire 
Circuit.—^As previous¬ 
ly stated, the neutral 
point of transformers 
connected in Y issome- 
times connected to the middle wire of an Edison three-wire d-c. 
power system. The ordinary Y-connection, using one secondary 
winding on each transformer, cannot be used, for direct-current 
in the secondary wind¬ 
ing of a transformer 
magnetizes the core 
and results in an ex¬ 
cessive exciting omv 
rent. Each transform¬ 
er must have at least 
two secondary wind¬ 
ings and they must be 
so connected that the 
direct-current pro¬ 
duces no magnetizar 
tioninthe transformer 
cores. The connec¬ 
tion shown in Fig. 

108 serves the pur¬ 
pose. Any direct-current entering at “0” divides equally among 
the transformer windings and the d-c. magnetizing action produced 
by one-half of a secondary winding is balanced by the other half. 

133. Methods for Starting a Synchronous Converter.—A con¬ 
verter is in normal operation when it runs at s 3 aichronouB speed, 



Fig. 108.—Special Y-Conneotion of Three Trana- 
foTmera 
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when its d-c. Clarity is oorreot, and when the field current is so 
adjusted as to obtain the desired voltage and power factor. ' Any 
electrical method of starting, in order to be practical, must bring 
the converter from rest to normal operation in a ^ort time and 
with no excessive current requirements. The following methods 
of starting are used: 

1. The a-c. end of the converter is operated as an induction 
motor and synchronized by its own synchronizing torque. (See 
article on starting torque of synchronous motors. Chapter IX.) 

2. The d-c. end of the converter is operated as a shunt motor 
and the arc. end synchronized by one of the methods used in 
synchronizing an alternator or a synchronous motor. 

3. Auxiliary motors are coupled to the converter diaft and 
converter is synchronized by one of the wdl-known methods. 

The induction motor method of starting is frequently used and 
is considered the best method. Poljqjhase power at reduced volt¬ 
age (about ^ rated voltage) is supplied to the collector-rings. A 
revolving magnetic field is produced which induces a current in 
the pole-face winding and a torque results. The direction of the 
torque is opposite to the direction of rotation of the armature 
fidd; i.e., the armature revolves .in. a direction opposite to that 
of the armature field. 

The revolving field also cuts across the shunt and series field 
circuits. Excessive voltages in the diunt field circuit are avoided 
by disconnecting the field circuit at sev^al places. This is done 
by a special multiblade reversing switch. The purpose in using 
a reversing switch wiU be explained later. 

Since the armature field rotates about the armature con¬ 
ductors at synchronous speed and the armature rotates in the 
opposite direction, it follows that near synchronous speed the 
the annature field slowly cuts across the main field poles and 
gives them a definite polarity for a relatively long period. This 
causes the armature to puU into synchronism. (See part h, 
Principle of Operation of a Synchronous motor. Chapter VIII.) 

At synchronoxis speed, the armature field is stationary with 
respect to the ttib-iti poles and gives them a definite polarity. 
Any synchronous converter or synchronous motor will operate 
wiiliout shunt field current, but this is never done on account of 
the poor power factor obtained. 

When the converter has reached synchronous speed (one can 
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tell by its sound) the field switch is closed and nonnal Src. voltage 
is impressed across the rings., The d-c. polarity is then deter¬ 
mined. It is entirely possible that the armature locks in syn¬ 
chronism in such a way as to make the polarity of a pven main 
pole opposite to what it should be for correct d-c. polarity. 
The proper polarity may be obtained by momentarily destroying 
the electromagnetic torque acting on the armature. This is done 
by reversing the field current for an instant. The main field 
neutralizes the annatuj^ field and the fmction and wmdage losses 
cause the armature and its field to drop back and look in with the 
adjacent finld poles. After the armature field has slipped back 
one pole (one can teU by the indication of the d-o. voltmeter 
connected across the brudies) the shunt field switch is thrown into 
the ruBiiiBg position. 

Synchronous converters, when equipped with interpoles and 
when intended to be started by induction motor action, must he 
equipped with brush-lifting devices. The necessity of this addi¬ 
tional equipment is apparent when we keep m mind that during 
the starting period the armature field cuts across the armature 
and produces excessive currents m those coils which are 
short-circuited 'by brushes. . Brush-lifting devices lift the m^ 
brushes off the commutator and consequently prevent excessive 
currents in the armature coils. The current required for the fidd 
\rinding for the armature voltmeter may be obtained from 
ffTYiftn brudies which remain on the commutator while the main 
brushes are off. 

134. Values for the Losses and Efllden^ of a 2000-kw. 
Syuchronous Converter.— 

RATING OF MACHINE 

200ft-kw.; 60ft-volt; 6-phaee; 60-oycle; 460 r.p.m. 


LOSSES AT RATED LOAD (26® C.) 


Armature copper loss. 

Series field loss. 

C])ommutating field loss. • • • 

Shunt field loss (including rheostat). 


Core loss. 

Total friction loss. 

Efficiency at rated load (unity power factor) and 


26“ C, 


— 14.7 kw. 

= 3.2 kw. 

= 3 76 kw. 

= 6.9 kw. 

= 16.6 kw. 

=30 Okw. 

=96.6 per cent 
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PROBLEMS 

1. Draw an armature wiring diagram of a 6-i>ole, six-phase BTQohronoua 
converter showing the connections to the slip-rings and the location of the d-c. 
brushes. A ring winding, althou^ not used in practice, may be used in 
illustrating the connections. 

2. Why is a dosed-cirouit armature winding (medi winding) essential on a 
synchronous converter? 

8. A 4-polei three-phase synchronous converter delivers 500 kilowatts on* 
the d-c. side. The converter operates at a leading power factor of 97 per cent, 
iia efficiency is 92 per cent, and the d-o. voltage is 000 volts, (a) Calculate 
the r.m.s. value of the voltage between adjacent slip-rings. Calculate 
the r.m.s. value of the total current supplied to a given slip-ring. 

4. A 4-pole, six-phase converter delivers 720 kilowatts at a d-o. voltage of 
550 vdts. The converter operates at an efficiency of 00 per cent and at a 
lagging power factor of 87 per cent, (o) Plot the waves of the arc. and d-c. 
components of the current in a coil located midway between two adjacent 
tapping points of the armature, (b) Repeat (a) for coils located nea r the 
leading and the trailing tapping points, (c) Plot the resultant current waves 
for the coils specified in (a) and (b). 

6. The following things are known about a 2000-kw., 16-pole, 600-volt 
(d-o.), six-phase, 60-cycle, synchronous converter: 


(Measured at Rated Unity Power Factor Load—Temperature, 25® C.) 


Armature copper loss. 14.8 kw. 

Series field loss. 3.4 kw. 

Commutating field loss. 3.65 kw. 

Shunt field loss (including rheostat). 6.0 kw. 

Core loss.15.0 kw. 

Total friction loss.31.6 kw. 


The field of the converter is so adjusted that unity power factor is obtained 
on the arc. side. Calculate the efficiency for, (a) 125 per cent rated load, 
(b) rated load, and (c) 75 per cent rated load. 

6. The converter specified in Problem 5 is supplied by three transformers. 
Calculate: (a) the voltage and current ratings of the secondary windings of 
the transformers when the diametrical connection is used; and (b) the voltage 
and current ratings of the secondary windings when t^ double delta con¬ 
nection IS used.' (Assume that the converter is operated at unity power 
factor.) 

7. A converter similar to that in Problem 5 is supplied from a 213-volt, 
60-oycle, six-phase source. Reactors having effective resistances of 0.0002 
ohm and inductive reactances of 0.100 ohm are connected m each lead of the 
six phases. T]bi^ load and the excitation on the converter ate so adjusted 
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that the ouuent in the aix-ph&se leada is 1000 amperes. The power factor of 
the converter measured at the converter rings is 0.85 leading. Calculate: 
(a) the d^o. voltage of the converter when reactors are in the circuit: 
and (jb) the d-o. voltage of the converter when the reactors are short-circuited. 
[Assume that the power factor of the converter in part (b) is the same as in 
part (a).] 



CHAPTER XI 


MERCURY VAPOR RECI1PIERS; MECHANICAL REC¬ 
TIFIERS; THERMIONIC RECTIFIERS 

136. Mercuiy Vapor Rectifiers.—^Mercury vapor rectifiers are 
used for charging storage batteries and for furnishing direot- 
corrent to series arc lighting systems. The power requirements 
for this service are usually small, but this does not mean that 
this type of rectifier cannot be constructed for large capacity. 
Mercury vapor rectifiers having capacities exceeding 1000 kilowatts 
are in successful operation. The voltage range of these rectifiers 
is from 100 to 6000 volts; the current capacity depends on the 
number and kind of electrodes used. The cMef advantage of 
the mercuiy rectifier is that it has no mechanically moving parts. 
Its chief disadvantage is that the operation depends on the main¬ 
tenance of a definite vacuum. 

Construction of the mercury vapor rectifier.—One of the usual 
types of single-phaae rectifiers is shown in Fig. 109. The anodes 
A and A' are made of graphite or iron. The cathode C is a pool 
of mercury. The electrode Q, also a pool of mercury, is required 
to produce the necessary ionization to start the main arc between 
the anodes and the catiiode. The vacuum required in the tube 
must be high (approximately 0.05 mm.) and for this reason the 
seal where the dectrodes enter the glass bulb must be perfect. 
The power is supplied to the rectifier by a single-phaae trans¬ 
former which is designed for relativdy Ugh leakage reactance. 
The transformer has several winding taps so that the voltage 
impressed across the rectifier may be readily changed. 

Operation of the mercuiy-vapor rectifier.—In normal operar 
tion the mercury cathode is veiy hot (at one spot) and the anodes 
are relatively cool. On account of the high temperature of the 
mercury the cathode becomes a source of mercury vapor and also 
a source of electrons. The bombardment of the mercuiy molecules 
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by the deotroBB results in ionized mercury vapor. A current can 
flow from either enode to the cathode through the ionized merouj^ 
vapor, but it cannot flow from the cathode to the anodes. This 
is evident if we keep in mind that very few electrons are enutted 
from the relatively cool anodes. The operation of the rectifier is 
as follows: When the connecting lead 1 is positive, the current 
entos electrode A and leaves the bulb through electrode C (the 
electrons flow in the opposite direction) and returns to the trans¬ 
former throu^ the d-c. 
load. During the next half 
cycle, lead 2 is positive, the 
current now enters electrode 
A' and returns through 
electrode C and the con¬ 
nected load. Both halves 
of the oyde are rectified. 
The purpose of the high 
leakage reactance of the 
transformer is to smooth 
out the unidirectional cur¬ 
rent wave and to maintain 
the ionization of the mercury 
vapor when the impressed 
voltage passes through the 
zero values in a cycle. 

To put the rectifler in 
operation, a-c. power is ap¬ 
plied to the primary wind¬ 
ing of the transformer, 
switch 8 is closed, and the 
bulb is tilted so that an arc is formed between the dectrodes C 
Q. This arc instantly fills the bulb with ionized mercury vapor 
and the current is establidied between the main dectrodes. 
Switch 8 is then opened and the bulb is tilted back in the normal 
^peratmg position. During the starting period the impedance 
pf the circuit mipn inust be euffidmit tj 9 pjrevent too rapid heating 
,of the bulb. 

The effidenoy cS. a given rectifier bulb and necessary equipment 
is a function of the impressed voltage; it is high when the voltage 
is hi^, tiip refspp for this being th^t foj a giv^ S^WJ^t % 
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Fig. 109.—Mercury Vapor Keotifier 
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Fig. 110.—Meohanioal Reotifier 


losses in the mercury arc are independent of the operating voltage 
and the power output is directly proportional to the operating 
voltage. The efficiencies of mercury rectifiers range between 
68 and 97 per cent, depending on the operating voltage. 

136. Vibrating Mechanical Rectifiers.—^Mechanical rectifiers 
are used for charging automobile and radio batteries. The 
flim plftn t form of half-wave recti¬ 
fier is shown in Fig. 110. The 
mam parts are a vibrator G, a 
permanent magnet M, an an:, elec¬ 
tromagnet C, a contactor F, 
and a step-down transformer T. 

The secondary circuit through 
the contactor F is dosed every 
other half i^de and a unidirec¬ 
tional current is forced through the 
battery. The effidency of this 
type of reotifier cannot be very hi^, for the simple reason 
that during the major portion of a cycle it is doing no useful 
work. However, its simplidty and low first cost partly com¬ 
pensate for the low effidency. 

137. Thermionic Rectifiers (Tungar and Eenotron).—^Both the 
fiiTigwr and the kenotron rectifiers consist of an evacuated glass 

bulb in which two deotrodes are located 
(see Hg. 111). One of the electrodes, 
the filament F, is operated at a high tem¬ 
perature and emits dectrons. The other 
dectrode, the plate P, is rdativdy cool. 
During the positive bnlf of the cyde the 
dectrons emitted by the filament are 
attracted by the plate and a flow of 
current .is establidied between them. 
During the negative half of the <^de 
the plate is charged negativdy, the 
dectrons emitted by the filament are repelled, and no current 
flows. 

The tungar rectifier is operated at low voltage and rdativdy 
high current (15-6 volts and 3-6 amperes) while the kenotron 
must be operated at hi^ voltages and small current (100,000 
volts and 100 milliamperes). A very hi{^ vacuum is used in the 



Fig. 111.—^Thennionic 
Baotifier 
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keaotron aad the current conduction throng the tube depends 
on the electrons emitted by the filament. The vaiouum in a 
tungar rectifier is not so high; the tube contains argon gas which 
becomes ionised and serves as the principal carrier of the current 
through the tube. 
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POLYPHASE INDUCTION MOTOR 

An induction motor is an a-c. motor in which at least a portion 
of the current in the rotor is due to induction. Its speed dharao- 
teristio resembles that of an ordinary d-c. shunt motor. Its 
eficiency and power factor depend on the design, the load, and 
the method of speed control used. 

A properly designed induction motor is very rugged and may 
be adapted to almost every industrial requirement. The mere 
fact that these motors require no sliding contacts makes it possible 
to operate them under conditions where other motors are unsatis¬ 
factory. 

138. Windings of a Polyphase Inductioa Motor.—A polyphase 
mduction motor requires two polyphase windings. One of the 
windings is located on the stator (see Eig. 112) and is aimilar in 
every way to the amaature winding of a polyphase generator or 
synchronous motor. The other winding is located on the rotor 
and has the form of a squurel cage (Eig. 113) or the form of an 
ordinary polyphase winding connected to coUectoivrings (Eig. 114). 
The SrC. power is usually supplied to the motor through the stator 
winding and for this reason the stator winding is often called the 
primary winding. The dectrical power in the rotor winding is 
due to induction. In fact the rotor winding acts like the secondary 
winding of a transformer and for this reason it is often called the 
secondary winding. Both windings are wound for the same 
number of poles, but the number of phases on the windings may 
be different. Eor example, a three-phase squirrd-oage induction 
motor has three phases on the stator while the number of phases 
on the rotor is equal to the number of rotor slots located in 360 
electrical space degrees of the stator winding. 

139. Princ^le of Operation of a Polyphase Induction Motor.— 
Eig. 116 represents the simplest kind of two-phase mduction motor. 
The stator winding is represented by two phases, A and B, located 
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iBy the oouriesu of ifuf WealinghouBe Co.) 

Fig. 112.—-Portly Wound Stator of an Induction Motor 



(By tho oovrtesy of ihe WoatinghouBo Co.) 
Fig. 113.—Squiirel-oage Kotor for an Inductive Motor 











EEVOLVING FIEED 


179 


90 dboirioal space degrees apart. A current entering temiiT'p.l x 
of phase A produces a field to the right, while a current entering 
terminal 1 of phase B produces a field down. 



IBy BOWtan ef WatHnahouM Co.) 

Fto. 114,—•Wound Rotor for an Induction Motor 


If the current entering terminal 1 of phase A is of the form 
*o=V2 J COB (at) 

and that entering terminal 1 of phase B of the form 
tb=‘'\/2I cos (cot— 90) 

it follows that at the time the magnetic field is produced by 
winding A alone and the direction of the field is to the right. Sim¬ 
ilarly at the time when ci>t=00 the 
field is produced by phase B alone 
and is directed downward. When 
ut=s4S the fields produced by 
phases A and B are equal and 
each field has 0.707 of its maxi¬ 
mum strength ■malring the resultant 
st rength at this instant equal to 
\/a7072-l-0.7072 = l; that is, the re¬ 
sultant field is equal to that pro- Induo- 

duced by one phase alone when the 

current in the phase is passing through a mflanTnuTn value. The 
resultant fields for other values of cji are readily determined. By 
actually carrying out this process it is found that the resultant 
field is constant in magnitude and that it revolves 360 elec- 
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tiioal space degrees during the time of a complete cycle of the 
current in a primary phase. 

The revolving field produced by the stator currents cuts the 
rotor inductors and sets up currents in them. The torque devd- 
oped depends on the magnetic reactions between the stator and 
the rotor circuits. More explicitly, the torque of an induction 
motor depends on th& air-gap fiux, the rotor current, the rotor 
power factor, and the radius of the rotor. 



CHAPTER XIII 


ANALYSIS OF THE PERFORMANCE OF A POLYPHASE 
INHUCTION MOTOR 

4 

140. Rotor: Slip: E.MJ'.; Frequeiu^; Reactance; and Resist¬ 
ance.— 

Rotor slip.—^In an ordinary induction motor torque is developed 
only when the speed of the rotor is lower than the speed of the 
revolving magnetic field produced by the currents. The speed of 
the revolving magnetic field is strictly proportional to the fre¬ 
quency of the current in the stator winding and may be calculated 
■ 2fi 

by the well-known relation =—. The rotor speed 712 depends 

on ni, the mechanical load on the rotor, the constants of the motor, 
and on the voltage impressed on the stator. The ratio 




tti— 

ni 


( 1 ) 


is called the slip of the rotor. 

Rotor euni.—The revolving air-gap field induces voltages in 
both the stator and the rotor phases. If the speed of the rotor is 
zero the relative speed between the rotor inductors and the 
revolving field is m (synchronous speed) revolutions per second 
and the rotor phase e.m.f. has a value of Ss volts. If the speed of 
the rotor is equal to the speed of the magnetic field and their 
directions of rotation are the same the relative speed between the 
rotor inductors and the magnetic field is zero and therefore the 
e.m.f. in the rotor is also zero. Since the air-gap flux is nearly 
constant in magnitude (see Article 144) it follows that the e.m.f. 
generated in the rotor is directly proportional to the diSerenoe 
between the speed of the revolving field and the speed of the rotor 
and that this e.m.f. may be expressed by the relation 


Ei'=k(ni—ni) 


If na is zero the e.m.f. becomes 


E2=leni 
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and therefore for any rotor speed 712 the e.m.f. may he calculated 
by the rdation 

. (2, 

Rotor frequency.—^The frequency of the voltage induced in the 
rotor of an induction motor also depends on the difference between 
the speed of the air-gap field and the speed of the rotor. The two 
limiting values of speed are obtained when the rotor is locked and 
when the rotor is driven in the direction of rotation of the air-gap 
field at synchronous speed. When the rotor is locked the air-gap 
field cuts the rotor inductors^ at synchronous speed and the fr^ 
quency of the voltage induced in its windings is equal to the 
frequency of the voltage impressed on the stator windings. At 
synchronous speed the rotor frequency is zero. For any rotor 
speed 712 the rotor frequency may be calculated by the relation 

fa=^(ni-na) 

Since 



it follows that 

m 

Rotor phase leakage reactance.—The reactance of a circuit 
depends on the frequency, and for this reason the leakage reactance 
of a rotor phase of an induction motor is not constant, but depends 
on the speed of the rotor. If the rotor is locked the rotor leakage 
reactance has its Tnarimum value and may be calculated by the 
rdation 

Xa=2iifiL2 

where /i=/a=primaiy impressed frequency and L 2 =rotor phase 
leakage reactance. For a rotor speed na the leakage reactance is 

»*2=2ir(^i)X(2 

and therefore 

a'2=«X2 (4) 

Rotor phase resistance.—The effective resistance of a rotor 
phase depends on the nature of the windiag and on the frequency 
of the rotor current. If the rotor is operating near synchronous 
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Speed the rotor phase effective resbtanoe is equal to the d-o. 
resistaiice. If the rotor is locked, the rotor phase effective resist¬ 
ance is approximately 25 per cent greater than the d-c. resistance. 
Ordinarily an induction motor operates at a small slip and the ' 
rotor effective resistance may be assumed equal to the d-c. resist¬ 
ance. 

141. Speed of ffie Rotor Reaction Field Relative to the Stator 
Field.—^The magnetio reaction produced by the rotor ciuients - 
rotates about the rotor inductors at a speed which is determined 
by the dip of the rotor and the number of poles for which the 
rotor is wound. To obtain the best torque conditions the rotor.' 
and the stator must be wound for the same number of poles.j 
AHniiTning that this is so the speed of the rotor reaction field with 
reference to the rotor inductors may be calculated by the rdation 

The direction of rotation of the reaction field depends on the phase 
rotation of the rotor currents. Since the stator field continuously 
slips forward with respect to the rotor inductors it follows that the 
phase rotation of the currents in the rotor phases is in the direction 
of rotation of the rotor and that the rotor reaction field rotates in 
the same direction as the rotor. The speed of the rotor inductors 
rdative to the stator inductors is 

na*=(l—s)?ti 

and therefore the resultant speed of the rotor reaction field relative 
to the stator inductors is 

(l-8)ni-{-8ni<=}n (6) 

That is, the reaction field due to the rotor oiurents alone and the 
field due to the stator currents alone rotate at the same speed and 
in the same direction. The resultant magnetizing action of the 
stator and rotor windings combined produces the air-gap flux. 

142. Comparison of the Circuits of an Induction Motor with 
Those of a Stationary Transformer,—The magnetic reaction 
between the stator and the rotor of an induction motor is identical 
to the reaction existing between the primary and the secondary 
windings in a stationary transformer. That this is so follows 
from the fact that the air-gap flux (the mutual flux) is a function 
of the vector difference of the stator ampere-turns Nih and the 
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rotor ampero-turoB N 2 I 2 (the two magaetomotive forces rotate 
at the Bame speed and in the same direction). In addition to thip 
similarity it might be pointed out that a sme-wave (in the space 
distribution) revolving magnetic field of lines cutting across 

a full-pitch armature ooii at a speed of electrical space 

radians per second, induces the same e.m.f. as a sine-wave altemat- 
iug field having a maxiTnUm value of 4>je fi^es linking the ^ven 
armature coil at a speed of 2 irft electrical time radians per second. 
For these reasons the mathematical analysis of the performance 
of an induction motor is similar to the analysis of a stationary 
transformer. 

143. Rotor Current; Rotor Power Factor; and Rotor Power.— 
For a dip a, the current in a rotor phase of an induction motor is 


s£f2 


\/t2*-1-(s®2)® 
and the power factor of the rotor circuit Is 


(machine running) 


( 6 ) 


Vra*+(8®2)^ 


(7) 


where 8 E 2 is the e.mi. generated in a rotor phase, r 2 is the redst- 
ance of a rotor phase, and 8 X 2 is the leakage reactance of a rotor 
phase. 

If the nTimerator and the denominator of equation ( 6 ) are 
divided by a, the current I 2 is unchanged, but the equation now 
has the form 


l2“ 



(machine locked) 


( 8 ) 


and the rotor power factor 


cos 02 = •”?===== = — 7 ==== (9) 

is also unchanged. 

The resistance ra in the expressions (6-9) is the effective phase 
resistance of the rotor when the dip is s. 
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These equations show that an induction motor operating at 
a given dip and with the rotor short-circuited has the same rotor 
current, the same rotor power factor, and hence the same rotor 
winding magnetic reaction as an identical motor with the rotor 
locked (see Fig. 116) and an eoctemal resistance inserted in each 


I in rotor resistance 


phase of value r 2 = change: 

due to change in frequency is here ne^cted. 

Since the secondary magnetic reactions are equal and bear 
the same time phase relations (same secondary power factors) 
relative to the stator impressed voltages, it follows (neglecting 
change in rotor iron loss) that both machines in Fig. 116 have equal 





Short-circuited BeyolvJng Rotor 
<«) 



r, 

■■ I -vw— 


tiocked Rotor 
(*) 


Fig. 116 . —Circuits of an Induction Motor 


1 


primary power factors and equal primary currents. The eleo- 
trical inputs to the stator windings are approximately equal and 
the power transferred across the air-gap is the same in each 
machine. 

If jPi is the tangential force on the rotor and Di is the peripheral 
velocity of the revolving field around the rotor, then the total 
power transferred across the air-gap of each machine is FiDi. 
In the revolving machine the actual mechanical power developed 
is F 1 D 2 , where D 2 is the peripheral velocity of the rotor at the 
operating speed. In the locked machine no mechanical power is 
developed by the rotor and therefore the total power transferred 
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aoroes the tur-gap ehows up in the fonn of electricaJ power in the 
rotor winding and as electrical losses in the rotor iron. 

The electrical power developed in the rotor of the revolving 
machine is equal to the copper loss in its windings and is equal to 


qraIs?=‘QBBal2 cos Oa watts 


( 10 ) 


The total copper loss in the rotor of this machine may also be 
expressed by the relation 


,, (FiDi-FiDa)74& , . , 

qrala^=- -ggQ —' -rotor iron loss 


( 11 ) 


where g=:number of rotor phases, Fi is expressed in pounds, and 
Di and Da are expressed in feet per second. 

The electrical power developed in the rotor winding of the 
locked machine is 

q(^^h^<=‘qEaIa cos da watts (12) 

From equations (10) and (12) and the fact that the power 
actually transferred across the air-gap is the same for each nifli».biTio 
it follows that the meohenictd power developed in the rotor of the 
running machine is 

qEals cos Ba—qTaX 2 ^—q{l—a)EaIa cos 6a (approximately) (13) 
or 

}(1—«)F8/acos52=*ff^^^V2/s® (approximately) (14) 


144. Exactly Equivalent Circuit of an ladudion Motor.— 
The current input Zi to a primary phase of an induction motor 
may be resolved into two components—namely, the no-load 
current Iw required to produce the mutual flux and the load 
current Z 21 required to balance the magnetizing action of the 
secondary winding. The no-load current on account of the pres- 
enoaof the auvgap in the magnetic circuit is approximately 26-40 
per cent of the rated full-load current compared with approximately 
7 per cent for a stationary transfonner. The load component of 
the primary current is determined in the same way as in a trans¬ 


former, i.e., I 21 



The total primary current is 


Zi = /^v+/si 


(16) 


\ 
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The voltage impressed on a piimaiy phase depends on the 
voltage due to the aiivgap flux, the phase resistance, the phase 
leakage reactance, and the primary current. The voltage across 
a primary phase may be calculated by the relation 

( 16 ) 

where is the voltage due to the auvgap flux and (ri+ia:i)/i is 
the voltage drop due to the leakage impedance of the primary 
winding. Since (n+i*i)/i is small (not so small as in a trans¬ 
former) it follows that 

Vi =Ei (approximatdy) 

In other words, for a given primary voltage and frequency the 
air-gap flux is nearly constant. 

From these relations it is apparent that the circuits and the 
voltage and current relations in an induction motor correspond 
in every way to those in a transformer. A given phase of an 
induction motor may therefore be represented by the dia £rr fl.tTi 
shown in Fig. 117 a. 



(«) ( 6 ) 

Eia. 117.—^Exactly Equiyalent Cirouit of an Induotian Motor and Vector 

Diagram 


146 . Approximate Equation for the Torque Developed by an 
Induction Motor.—The total power entering the rotor of an 
induction motor may be expressed by the relation 

9^2/2 cos 02=9^21/21 cos 021 watts 

and the total torque developed by this power may be expressed by 
the relation 

itt _ 550 (E21/21 cos 02i) 

■‘" 746 ® 2Tni 


( 17 ) 
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where T=torque in pound-feet; 


ni =eynohronous speed; 

and 

gsnumber of rotor phases (assumed equal to the number 
of stator phases). 


Equation (17) may be modified so as to obtain the torque in 
terms of the primary phase voltage and the constants of the motor. 
Thus, from Fig. 117a it is apparent that 

(approjdmatdy) (18) 

(The drop due to the no-load ouxrent is ne^eoted). 

Since 

(exactly) (19) 

?21 ^ 

it foIlowB from equation (18) that 
and therefore 


The power factor 
cos (721 



w 

^ +(®2l)* 



+ (*31+®!)® 


(approximately) ( 20 ) 


a 


1 (exactly) 


( 21 ) 


Substituting (19), ( 20 ), and ( 21 ) in (17), we obtain 

2Sr[(ri«-l-r2i)H5(®i+a2i)J (22) 


Equation (22) shows that for a motor operating at a ^ven dip 
and frequency the torque developed is approximately proportional 
to the square of the impressed voltage. 

146. Slip at whidh the Maximum Torque Occurs.—^For a given 
impressed voltage and for a given set of motor constants the slip 
at which the maximum torque occurs may be obtained by differ¬ 
entiating equation ( 22 ) with respect to the dip (n, r 2 i, x;, xn, ni, 
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and Vi are assumed constant) and equating the expression ob¬ 
tained to zero. Thus 



This value of slip substitated in equation (22) gives for the 
Tifm.TiTTnim running torque 

rr _ 

746 2imi 2|n -f Vn*+(®i+JBai)»} ^ ^ 


Equation (23) diows that the slip at which tyiftTiTTniTn torque 
occurs depends on the rotor resistance. 

Equation (24) idiowB that the maarimuni, running torque is 
independent of the rotor resistance, provided the value of the rotor 
resistance ra referred to the primaiy winding is such as to TnftTrft 
the value of the sUp calculated by equation (23) lie between the 
limits of 0 and 1. 

147. Rotor Phase Resistance Required to Obtain the Maximtun 
Torque at Starting.—^The value of the rotor phase resistance 
required to obtain the maximum torque at starting may be 
obtained by substituting unity for the slip in equation (23). 
Thus the resistance 

rai “ a/(» i +a? 2 i)® (25) 

gives the maximiiTn torque at starting. 

148. Torque Slip Curves for an Induction Motor (Fig. 118).— 

Curves A and B for a given motor 
may be determined by plotting 
equation (22). Curve A is ob¬ 
tained bysubstituting forrai the ac¬ 
tual rotor phase resistance referred 
to the stator winding and curve 
B is obtained by substituting for ii8._Torque SUp Curves for 
fai the "value Vri®+(^H-^i^. an Induction Motor 

The maximum values of the 

torques are equal, but the slips at wbieh the xnarimum torques 
occur are (hSereutt 
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149. Predetermination of the Pecfoimance Ctuves of an 
Induction Motor.—^The following quantities may be caloulated or 
determined by test (see testa in Chapter XIV): 

ri=>pnmai 7 effective phase resistance; 
r 2 i=secondary effective resistance referred to the primary 
winding; 

a:i»primaty phase leakage reactance; 

=°secondary leakage reactance referred to the primary 
winding for a slip «=*■!; 

Ijy=no-load current; 

008 no-load power factor; 

1 Vi.w. “friction and windage losses in the rotor for different 
values of slip; 

and 

TVi«.=iron loss in the rotor for different values of slip. 

For a given impressed voltage Vi and for a given slip s, the 
rotor input may be calculated by the relation 

Pr<=g(^)i’ 2 i*+F’fr watts (26) 

This relation requires that J 21 be known. Since In logs V\ 
by nearly 90 degrees, ht may be caloulated to a close degree of 
approximation by the relation 

7i - Sifw(numerioal difference) ^ 

+(*l+»2l)* 

This equation follows from the vector din gm.m Kg. 1175 in which 
the voltage drop due to the currents / 2 i and In are represented. 

The mechanical output of the rotor may be na-lmdated by the 
relation 

f’re=gr 2 i^^-^^l 2 i^—Pi.w. watts (28) 

The rotor power factor is 

The primary power factor may be determined from the vector 
diagr a m , and the primary current may be calculated by the 
relation 


(30) 
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The total input to the primary winding ia 


qViIi cos fl=Output+losaes 

(31) 

and the efficiency 


Output 

' Output+losses 

(32) 

The torque developed for different valuee of slip 
calculated by the relation 

may be 

qVi?T STii 1 

“746 27miL(ria+r2i)®+«®(®i+!C2i)®J 

(33) 


PROBLEMS 

1. The stator of a certain 2£-cyGle induotion motor is woimd for 12 poles. 
Calculate: (a) the speed of the revolving znagnetio field in r.p.m.; (b) the 
number of magnet poles formed on the rotor; (c) the frequency of the cur¬ 
rents induced in the rotor at standstill; (d) the frequency of the currents in 
the rotor when the slip is 8 per cent; and (e) the speed of the rotor when the 
slip is 8 jper cent. 

2. (a) Why is the no-load current of an induotion motor high compared 
with the no-load current of a power transformer? 

(6) Is the presence of a hi^ no-load current objectionable to, (1) the 
oonsumeTi and (2) the central station? 

8. Show that the magnetic reaction produced by the rotor ounents of an 
induction motor is identical with the magnetic reaction produced by the 
seoondaiy ounent in an oidinaty power transfoimer. 

4u Show that the total eleotrioal power developed in the rotor winding of 
an ordinary induction motor with no eirtemal resistances connected in the 
circuit, is equal to the total copper loss in the rotor winding. 

6. Derive on equation for the total power input to the rotor of an ordinary 
polyphase induction motor. 

6. Two identical polyphase induction motors are connected to the same 
power supply. One of the motors is operated at a slip of 5 per cent and with 
its rotor winding short-circuited. The rotor of the other motor is looked and 
resistances of 19ra ohms added externally to each rotor phase (ra is the rotor 
phase resistance). Determine the relative values of: (a) the rotor 6.m.f.’B; 
(&) the rotor currents; (c) the power factors of the rotor circuits; (d) the 
stator currents; (e) the power transferred across the air-gaps to the rotors; 
(/) the power losses in the rotor circuits; end (g) the power loss in the resist¬ 
ances (19ri) and the total mechanical output of the revolving machine. 

7. The followmg measurements were made on a S-horse power, 4-pole, 
three-phase, 110-volt, 60-cycle induction motor; 

D-c. resistance between stator terminals at 40^ C. » 0.360 ohm. 

D-c. resistance between rotor terminals (the machine has a three- 
phase rotor) at 40° C. » 0.58 ohm 
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VoLTAGBi Ratio Test 

* (Rotor Stationary and Open-circuited) 

Stator voltage between terminaJs. 99 7 

Rotor voltage between tenmnala.110.0 

No-load Tbst 

(Rotor Running Free and Short-circuited, Temperature, 40® C.) 

Terminal voltage. 110 volts 

No-load current. 0.0 amperes 

Frequency.60 oyclee 

Total power input, 277 watts (173 watts core loss and 
104 watts friction + windage), 

IhmsDJLsaa Tbbt 

(Rotor Short-circuited and Looked, Temperature, 40® C.) 

Terminal voltage. 18 volts 

Frequency. 60 cycles 

Current per terminal.13 amperes 

Total power input (three phases).2i5() watts 

(a) Calculate the Y-phase constants of the motor referred to a reference 
temperature of 76® C. (Assume that the secondary (rotor) leakage reactance 
referred to the primary (stator) is equal to the primary leakage reactanoo.) 

(b) Calculate the ^tar-phase constants of the motor roforro<l to 76® C. 

(c) Predetermine the torque slip curve. (Assume that the rotor is short* 
circuited and that the temperature of the machine is 76® C.) 

(d) Calculate the maarimuTa torque and the corresponding slip of the 
motor (rotor short-circuited). 

(e) Calculate the starting torque (rotor ^ort-oircuited). 

(/) Ckdculata the value of the resistance which must bo connected exter¬ 
nally in each rotor phase to obtain the maximum torque at stortiug. 

(g) Predetermine the torque slip curve for the condition when tlio rotor 
resistance is such as to obtain the maximum torque at starting. 

(h) Plot curves showing the relation between efficiency and horse power 
output for the conditions in ports (c) and (g), 

8. (a) The motor in Problem 8 is operated at rated voltJigc, frequency 
and load and with its rotor short-eircuited. Calculate the power factor. 

(6) Calculate the power factor of this motor when it is opomted at rated 
load and frequency but at 125 per cent rated voltage. (Asmuuio that a 26 per 
cent inoreafie in the voltage increases the no-load current 42 ;)cr c^nt and the 
no-Iood loss 30 per cent.) 










CHAPTER XIV 


CIRCLE DIAGRAM FOR A POLYPHASE INDUCTION 

MOTOR 

160. The Approxiinatdiy Equivalent Circuit of an Induction 
Motor.—^The approximate circuit (Fig. 119) of an induction motor 
may be obtained from the exactly equivalent circuit (Fig. 118) 
by combining the primary and secondary leakage impedances 
and by connecting the exciting circuit directly across the supply. 
From the circuit obtained it follows that the voltage impressed 
on a primary phase may be expressed by the relation 

Fr“(12i+jXr)/3i.+rai^~®^/ai (approximately) (1) 




Fio. 119.—Approximstdy Equivalent Ciroait of an Induction Motor 

where iRi+jXi)Im is the equivalent leakage impedance drop in 

a phase of the motor and the drop j^rar jwhen multiplied 

by the current Jar is a function of &e power output of the motor. 

If the voltage Vi across a phase of the motor is constant and 
if the equivalent resistance Rt and the equivalent leakage reactance 
Xi of a phase of the motor are also constant, it is possible to 
represent the voltage drops and the currents by circle diagrams. 

Conader the voltage drop-current vector (Eig. 120) 

which represents voltage drops and current 72i for l&^circuit in 
Fig. 119. The an^ 180—/Si and is constant provide)^ the 
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-^1 

ratio- 5 -’ 
iil 


taa^i is constant. 


If the vector Vi is constant in 



magnitude and is fixed in 
position, point B wiU always 
fall on the arc of the circle 
ABCD (equal inscribed 
angles subtended by the 
same chord) regardless of 
the value of the slip. Thus, 
an increase in the dip re¬ 
duces the value of the resist- 


Fia. 120.—Circle Diagram for a Circuit aJlce current 

Having Constant Reactance and Constant J • ' ' , . , » 

hi increases and pomt B 

y^oves closer to point C. 


Impressed Voltage 


If the slip decreases, the resistance rn 



increases and point 


B will be located nearer point A 
the voltage drop circle diagram. 

A current circle diagram may 
be obtained by dividing the volt¬ 
age drops AB, BC, and AC by 
the impedance Zi= 
of a phase. A voltage drop 
vector divided by an impedance 
results in a current vector which 
lags the given voltage vector 
by an an^e jSi degrees. By 
actually carrying out the divi- 
edon the diagram shown in Fig. 
121 is obtained. 

In this difligram the trian^e 
ABF is similar to the triangle 
ABC. The an^AjElF is there¬ 
fore equal to the an^e ABC 


This diagram may be called 



G 


j . , , , Pig. 121.—^Voltage and Current Circle 

and ^ IS wnstant as long as Diagram for a Circuit aimiUr to that 
the unpedanoe an^e is con- of an Induction Motor 

stant. The point E is theie- 

fom always located on the arc of the circle AEFG regardless of 
value of the slip s. 
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The vector AE lepreaents the secondaiy phase jcurrent referred 
to the piimajy winding when the machine is running and the 
vector AF represents the secondary current referred to the primary 
winding when the rotor is locked; i.e., when the expression 

=0. The vector is the diameter of the current 

circle and represents the current in the secondary winding referred 
to the primary when the total equivalent resistance of the motor 
is zero. Since the voltage drop circle diagram is based on the 
assumption that the supply voltage, the winding resistances, and 
the winding leakage reactances are constant, it follows that the 
current circle diagram which is obtained from the voltage circle 
diagram is based on the same assumptions. The current circle 
is useful in predetermining the performance curves of an induction 
.motor. 

161. Complete Circle Diagram for an Induction Motor.—The 
current input to a primary phase of an induction motor may be 
expressed by the relation 

/i=/ai+.?w ( 2 ) 

where Jai represents the component of the primary current which 
is due to the load on the motor and hr represents the component 
required to produce the mutual dux (air-gap flux) and supply the 
no-load losses in the motor. For a given impressed voltage the 
component I/r is practically constant and the component lai may 
be obtained from a current circle diagram. Fig. 122 represents 





the complete voltage-current diagr n.Tri taking into account both 
components of the current. 
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162. Tests Necessaxy for Detetmining the Cirde Diagram.— 
No-load test—In this test the motor is operated at no-load 
and •with its rotor short-circuited. Measurements of the phase 
power and current are made at rated voltage and frequency. 
These measurements enable one to calculate the phase an^e 6ir 
required to properly locate Jw on 'the diagram. 

Leakage impedance test.—This test requires that the rotor be 
short-circuited and locked so it cannot revolve. Measurements 
are of the phase voltage, phase current, and phase power 

at rated frequency. The voltage impressed on the motor depends 
on its impedance. PTun-H motors may be tested at rated voltage 
while large ones, on account of the large current required, must 
be tested at a lower voltage. 

From the observed values of current, voltage, and power the 
current In (the stator current at rated voltage and rated frequwicy- 
with the rotor diort-circuited and looked) and the angle du may be 
calculated. Thus the current laii+Iw is almost directly pro¬ 
portional to the impressed voltage and therefore 

lu (at rated voltage) (approximately) 

where Tu and lu represent the voltage and the current obtained 
in the test and Vi represents the rat^ phase voltage of the motor. 

Since the copper losses depend on the square of the currents 
and therefore on the square of the impressed voltage it Mows 
that the component FH (the component in phase with the im¬ 
pressed voltage which is due to the copper losses in the stator and 
rotor) of I211 may be calculated by the relation 

(approximately) 

Kir 

where Phnaft power input— phase core loss at Vu 

FH, --- vTi 

The in-phase component of the current (_FH+HI) and the 
current In enable one to calculate the angle Bu- 

Resistance measurements.—The equivalent resistance of the 
windings referred to the stator may be obtained from the impedance 
test (see Article 48). 
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To predetermine the performance curves of a motor from its 
circle diagram it is necessary to know the relative values of the 
stator and rotor resistances. In a squirrel-cage motor the resist¬ 
ances of the rotor cannot be directly measured, but it is possible to 
determine the value of the d-c. resistance r\ of the stator winding 
and assume that the effective resistance is ri = 1.257^1 approx¬ 
imately. The total equivalent resistance determined by the 
impedance test may be expressed by the relation 

iSi —1.26/ i+r2i 


Naturally the factor by which r'l must be multiplied to obtain the 
effective resistance depends on the design of the motor and the 
assumed factor 1.25 must be used with caution. 

When the motor has a wound rotor, both the stator and rotor 
winding resistances may be measured by direct current. A good 
approximation for the effective resistance of each winding may be 
obtained by comparing the value of d-c. resistance referred to the 
stator winding with the equivalent resistance obtained by the 
impedance test. Thus 


and 


= i+r'21) 

ri = cr'i 


T21 = c /21 (approximately) 


It is here assumed that the stator and rotor are woimd for the 
same number of phases and that the factor c is the same for both 
windings. 

163. Construction of the Circle Diagram from Test Values 
(see Pig. 122).—The circle diagram is constructed as follows: 

1 . Locate 7i the phase voltage. 

2 . Locate {The value of Ijv and 61 ^ are determined from 
the no-load test.) 

3. Locate In. (The value of In and du are obtained from the 
impedance test.) 

4. Draw OM 90 degrees displaced.from Vi, 

6 . Draw AG parallel to OM. 

6 . Draw the line AF. 

7. Draw perpendicular bisector of AF. This line cuts the line 
AO and the point of intersection determines the center of the 
circle. 
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- 8. Draw a line from A io K. Make the distance HK such 
that (FJQTia copper loss in a stator phase due to the current 
lau- 

164. Detenaination of the Performance Curves of an Induction 
Motor by the Circle Diagram.—^The efficiency, slip, torque, and 
power factor for a given output are readily determined from the 
circle diagram. (Fig. 123 is similar to Fig. 122, but some construc¬ 
tion hnes are added to simplify several geometrical proofs.) 



Phase power input.—^For a given load current h the phase 
power input is equal to the product of the phase voltage and the 
in-phase component of the phase current. Thus 

Phase power=F i (FP) (3) 

Phase power losses.—^The phase power due to friction, wind¬ 
age, core loss, and copper loss due to the exdtiag current may be 
calculated by finding the product Vi{AJ). This portion of the 
total power loss in the motor is assumed constant; i.e., the com¬ 
ponents AJ, TP, and HI are assumed equal. The assumption 
just made is not strictly true, for as the slip of the motor increases, 
the friction and windage losses are not likely to decrease by the 
same amount that the core losses increase. 

The equivalent phase copper loss of the motor for rated im¬ 
pressed voltage and rotor looked conditions =■ Vi(FH). It will 
now be demonstrated that for a given current Izi the phase cop¬ 
per loss = Fi(Lr). 

The triangles ATL and AHF are similar. Therefore 

LT_FH 

AT AH 


(A) 
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The trianglea AHF and AFO are similar. Therefore 

(Ajpa Iai,8 

AQ ~:ao 

Tbs triangles ATE and AEO are similar. Therefofe 
.rn_(W_l2l‘ 

AQ “:zg 

From A, B, and C it follows that 


it follows that 


Rihi^ 


The total phase power loss for a given input current Ii is 
equal to the sum of the excitation losses and the copper losses. 
Therefore 

Phase power losses= Vi{LF) (4) 

Phase power oulput.— 

Output=Input—losses 

Phase output=>(FP—LP)Fi = (FL)Fi (6) 

Efflciency.— 

Slip.—^The rotor phase copper loss 

r2ll2l^ — 8(,E2lhl 008 ^ 21 ) 

Therefore 

s=_2li21- (7) 

P21I2I OOB fl 21 

l^e dip may be determined from the circle diagram as followsi 
The triangles AQL and AKF are similar . Therefore 

CF) 

AQ~AK 

The tiiajigles ATQ and AHK are similar. Therefore 

(G) 

AT AH 
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From F and 0 it follows that 


but 

Therefore 

If 

then 

and 


FK~AH 

AT_ l2i^ 
AH~hi? 



7i(FZ)=r2iIau2 


(H) 


7i(L<2)=r2il2i2 (I) 

The totfd electrical input to a phase of the rotor=output+’-otor 
copper loss. Therefore from equations (6) and (I) it follows that 


F 2 il 2 i cos ^21 “ 7i (JEQ) 

and from equations (I), (J), and f7) it foEows that 


8 


m 

EQ 


Phase torque.—^The total input to the rotor is 


(J) 

( 8 ) 


=gFi(.EQ)+(friotion+windagc+rotor core loss) 


and the useful torque per phase 

ipim» 27 r^ii' 

Power factor.—^The angle between Vi and 7i is readEy meas- 
iired and the corresponding power factor calculated. 

Maximum power factor.—^The maximum powor factor is 
obtained when the current Ii is tangent to the circle. 

Maximum power.—The current for maximum power is 
obtained by .drawing a line parallel to AF and tangent to the 
circle. The point of tangency determines the location of point E. 

Maximum torque.—The current input for maximum torque is 
obtained by drawing a line parallel to AK and tangent to the 
circle. The point of tangency locates the point E. 
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166. Measurements Made on an Induction Motor.— 

Rating.—1000-horse power- 2200-volt; 25-oycle. 

Temperature.—^75° C. 

No-load test.— 

Biotor ruiuung free 
Terminal voltage 2200 
Frequency 25 cycles 
No-load current 43 amperes 
No-load power 24.7 kw. (three phases) 

Impedance test.— 

Rotor shortoirouited and locked. 

Terminal voltage 1000 
Frequency 26 cycles , 

Terminal current 837 amperes 

Total power input 418.6 kw. (three phases) 

Resistance test.— 

Y-phase d-c. resistance of a s^tor phase=0.79 ohm. 
Y-phase d-c. resistance of a Kftor phase=0.34 ohm. 

Ratio of primary turns to secondary turns=1.69 

PROBLEMS 

1. A receiving cirouit having a constant resistance of 10 ohms and a variable 
inductive reactance is connected to a 110-volt, 60-cycle source of power. Con¬ 
struct voltage drop and current circle diagrams for this circuit*. 

2. A receiving circuit having a constant inductive reactance of 10 ohms 
and a variable resistance is connected to a llD-volt, 60-cycle source of power. 
Construct voltage drop and current circle diagramH for this circuit. 

8. Construct the current circle diagram for the induction motor redded 
in Problem 7, Chapter XIIL. (Assume that the rotor is short-circuited). 
From the circle diagram predetermine the following performance curves: 

(a) Torque plotted agalnat slip. 

(&) Efficiency plotted against h.p. output. 

(c) Power factor plotted agamst kp. output. 

4. Construct the current circle diagram for the induction motor specified 
in Problem 7, Chapter XIIL (Assume that remstances ore connected in each 
rotor phase so as to obtain the maximum torque at starting.) Determine a 
set of curves similar to those obtained in Problem 3. 

6. Compare tbe results obtained m Problems 3 and 4 with those obtained 
by the analytioal method, (See your solution to Problem 7, Chapter Xm.) 
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STARTING; SPEED CONTROL; AND POWER FACTOR 
CORRECTION OF POLYPHASE INDUCTION MOTORS 

166. Starting of Polyphase Squirrel-cage Induction Motors.— 
Small squirrel-cage motors may be started by connecting the 
primary winding directly across full line voltage. The current 
required during the startmg period is decidedly abnormal, but the 
heat developed by this current is small and no injury is done 
to the windings of the motor or to the circuit supplying the motor. 

Large squirrel-cage motors, if started by connecting directly 
across the line, take from 5 to 10 times normal rated current and 
these low-power factor currents cause an overload on the dis¬ 
tributing system and disturb every electrical load coimected to 
the system. For this reason induction motors are frequently 
started at reduced voltage. A very efficient method of reducing 
the voltage is to use an auto-transformer. A special double throw 
switch is required to make the connection from the auto-trans¬ 
former to the motor. One position of the switch (the starting 
position) coimects the motor to approximately 60 per cent rated 
line voltage and the other position to full line voltage. The 
actual method of startmg consista in throwing the switch in the 
startmg position and allowing it to remain there until the rotor of 
the motor has gained considerable momentum. The switch is 
then thrown to the running position. 

167. Starting of a Wound Rotor Polyphase Induction Motor.— 
Motors having wound rotors may be started by inserting resistance 
in the rotor winding circuit and connecting the stator winding 
directly across the line. Equation (22) in Chapter XIII shows 
that the maximum torque developed by the motor is independent 
of the rotor resistance provided the rotor resistance referred to 
the stator is not greater than that calculated by equation (21) 
for a slip of unity. On the other hand the slip at which the 
maximum torque occurs depends on the rotor resistance. Thus 
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by insertLog the proper resietaixce in the rotor a bigb {oi 
be obtained during the starting period. The resistance r... 
startLog is well suited for motors dri-ving Tnftftlui.TnV.n.1 loads 
require hi^ torques at bw speeds. Since an induction motor is 
electrically equivalent to a static transformer it is apparent that 
the insertion of the proper resistance in the rotor prevents excessive 
primary currents and low primary power factors. 

168. Common Methods of Speed Control.—^Most of the 
methods used for controlling the speed of induction motors may 
be studied by referring to the following equations: 

n2 = (l-a)ni = (l-8)^ (i; 

and 

m^560 qVi^\ _SJ^I_ 

746 2imiL(ri«+r2i)2+«2(xi+®2i)^ 

The first equation is used for calculating the rotor speed and 
the second one for calculating the torque for a given ^p. (See 
Chapter XIII relative to deri.'mtions of these equations.) The 
equations show that for a given torque the speed of a gpven induc¬ 
tion motor is determined by the following factors: 

(o) Stator frequency/i. 

(b) Stator voltage 

(c) Number of poles pi. 

{S) Stator and rotor constants xi, zai, n, and r^i. 

Changing thq^impressed frequency.—^This method of speed 
control is limited to applications where the total load on the prime 
mover consistB of induction motors requiring siTnilar speed varia¬ 
tions at the same time. Mectrically propelled ^ps ore some¬ 
times controlled by this method. The chief objection to the 
method is that a given prime mover operates efficiently over only 
a limited range of speed. 

niniTiging the impressed voltage.—^This method of speed con¬ 
trol is based on the fact that the torque for a given slip depends 
on the square of the impressed voltage. This method has the 
objectionable feature in that the break-down torque of an induc¬ 
tion motor depends on the square of the impressed voltage. A 
too great reduction in voltage may result in a very low break¬ 
down torque. 

Changing the number of poles.—^In this method of speed con¬ 
trol Bjfecial windings are required on the motor. The number of 
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poles may be changed by changing the connections of the coils 
of a given winding or by using separate windings. In small motors 
the connections of the windings may be changed by a special 
switch, but large motors require separate windings. For mujnTnmin 
torque a change in the number of poles of the stator requires a 
mTTii1a.T - change in the number of poles of the rotor. That is, 
wound rotor motors having two separate windings on the stator 
require two separate windings on the rotor. In squirrel-cage 
motors the number of poles on the rotor are determined by the 
number of poles on the stator and only one winding is required 
on the rotor. 

Changing the stator and the rotor constants.— The torque 
developed by an induction motor for a given slip is a function 
of the constants of the stator and the rotor circuits. An increase 
in the inductive reactance of either the stator or the rotor windinp 
results in a greater slip, but the power factor of the motor and its 
maadmuTn, torque are decreased. The addition of resistance to 
the stator winding increases the slip, but the rP losses are in¬ 
creased and the ma,ximuTn torque is decreased. 

One of the best methods for controlling the speed of an induo- 
tion motor is to insert a variable resistance in the rotor circuit. 
Within certain limits [see equation (23), Chapter XIII] the 
rotor resistance does not change the maximum torque. The 
chief objection to this method of speed control is that the rP losses 
are increased. 

169. Speed Control of Induction Motors by Concatenation.— 
Several efficient running speeds may be obtained by connecting 
two induction motors in concatenation (see Fig. 124), The rotors 



of the two motors are mount¬ 
ed on the same shaft or are 
mechanically connected to¬ 
gether by some other method. 
The stator winding of one of 
the motors is supplied by cur¬ 
rent from the rotor winding of 
the other motor. The actual 
electrical connection of the 


motors depends on the speed 
desired. The motors are said to be connected in direct con¬ 
catenation when they produce starting torques in the same 
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direction and in diEFerentiel concatenation when they produce 
Btarting torques in opposite directions. 

If the two motors are coupled to the same shaft and are 
electrically connected in direct concatenation the speed of the set 
may be calculated as follows: 

Let «!=dip of motor .A; 
fi 2 =dip of motor B] 

/i=frequency impressed on stator of motor A; 

/a=frequency impressed on stator of motor B-, 
pi=n.umber of poles of motor A; 
and 

P 2 =number of poles of motor B. 

The frequency of the voltage impressed on the stator winding of 
motor B is equal to the dip frequency (fii/i) of motor A. Both 
motors must operate at the same speed and therefore 

(3) 

or 

— 82 P 8 +Pa ’ 


When the rotor of motor B is short-circuited the conditions 
for high power factor and high torque are best when the slip 82 
is small and if we assume 82 very small, the slip of motor A becomes 


(approximately) 

and the synchronous speed of the set becomes 

A V2 2/1 

\ P1+V2/P1 P1+P2 


( 6 ) 

( 0 ) 


Note that in direct concatenation the synchronous speed of the 
set is independent of which one of the motors is connected to the 
supply. 

Several other eflSioient running speeds are possible. By con¬ 
necting motor A to the supply with its rotor short-circmted the 

synchronous speed of the set becomes w,=—. Similarly by cpn- 

Of 

necting B this way the synchronous speed becomes n,=— 
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A high Bpeed may be obtmned by connecting the motor in 
differential concatenation. This is done by interchanging two of 
the stator leads of motor B. When connected this way the motors 
produce starting torques in opposite directions and the direction 
of rotation of the set is determined by the motor which produces 
the highest torque at starting. The torque developed by a com¬ 
bination like this varies conaderably throughout the speed ratige 
of the set. The torque is zero when the motor which is fed from 
the supply is driven at synchronous speed. For example, when 
a 6-pole motor and a 4-pole .motor are connected in differential 
concatenation and the stator of the 6-pole motor is fed from a 
60-cycle supply the torque developed by the set is zero when the 
2X60 

speed is —g—=20 r.p.B. This must be.so because at this speed 

no e.m.f. and current are generated in the rotor of the 6-pole 
motor. At speeds above 20 r.p.s. the 4-pole motor feeds the 
rotor of the 6-pole motor with reverse phase rotational currents 
making a high speed possible. The transition from a speed 
below 20 r.p.s. to a speed above 20 r.p.B. may be made by starting 
the set in the proper direction using the 4-pole motor ^one and 
then switching back to the 6-pole motor and malriTig the proper 
interconnections at the same time. The liTnifiTig value of the 

speed obtainable by this method is —^^=^^=60 r.D.s. 

Pi—pa 6—4 

This method of speed control is used where several motors are 
required to do similar work. Electric locomotives when equipped 
with polyphase induction motors are controlled by this me^od. 
Induction motors in steel mills are sometimes operated in concate¬ 
nation. 

160. Power Factor Correction of Induction Motors.—^The 
electrical circuits of an induction motor are equivalent to those 
in a static transformer. For this reason the power factor of the 
primary circuit of the motor depends largely on the power factor 
of its secondary circuit. In an ordinary induction motor equipped 
with no power factor correcting devices the power factor of the 
secondary winding is always less than unity. Since the primary 
winding is always inductive and the secondary circuit referred to 
primary turns is inductive it follows that an ordinary induction 
motor must operate at lagging power factor regardless of the load 
on the motor. 
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The beet way to improve the power factor of a given inductii 
motor is to change the phase relations between the secondaij 
e.m.f. and the secondary current. This may be done by injecting 
an e.in.f. of slip frequency from a separate machine into the rotor 
circuit or by connecting a condensive impedance in series with 
the rotor circuit. Several methods for correcting power factor 
and for controlling speed are described in the following articles. 

161. Phase Advancer.—The chief purpose of the phase 
advancer is to improve the power factor of the induction motor 
to which it is coimected. What it actually does is to advance 
the phase of the current in the rotor relatively to the e jn.f. which 
produces the current. A leading current in the rotor changes 
the direction of the rotor magnetic reaction and the magnetizing 
action of the rotor currents reduces the magnetizing current 
requdred in the primary winding of the induction motor. By suf¬ 
ficiently advancing the phase of the rotor current it is possible 
to supply all the magnetizing current through the rotor winding. 
The magnetizing current of an induction motor on account of the 
air-gap is a relatively large low-power factor current and its 
elimination from the primary circuit must result in a better power 
factor. 

One type of phase advancer intended for connection to a two- 
phase rotor is shown in Fig. 125a. The machine has an armature 
and a commutator which are similar in every way to those on a 
d-o. generator. The stator is made of laminated iron, but no 
stator winding is required. In a two-phase two-pole m ach in e 
four brush sets located 90 electrical space degrees apart are 
necessary. In actual operation the armature of the phase ad¬ 
vancer is electrically connected to the slip rings of the motor and 
the rotor of the phase advancer is driven by an auxiliary variable 
speed motor. 

The frequency of the currents circulating through the armature 
of a phase advancer must equal the slip frequency of the current 
in the rotor of the induction motor to which it is connected. A 
revolving magnetic field is produced about the armature whose 

speed relative to the mechanically fixed brushes is equal to 

r.p.s. The speed of this field does not depend on the’ epeed of the 
armature due to the fact that the equivalent mesh between the 
brushes never changes. 
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The complete action of the phase advancer may be described 
as follows: Referring to Fig. 125a when the current entering brush 3 
h as a Tnn.TiTnnTn value the revolving field is located at the position 
indicated in the figure. At this instant the e.m.f. due to the 
rotation of the flux and the armature (the rotational e.in.f.) is 
zero between brushes 3 and 4 and has a maximiiTn value between 
brushes 7 and 8. This is equivalent to saying that the rotational 
e.m.f. between brushes 7 and 8 is in time phase or in time phase 
opposition with the current through the brushes 3 and 4. Sim¬ 
ilarly the rotational e.m.f. between brushes 3 a^d 4 is in time 
pha^ or in time phase opposition with the current through 



Fig. 126a.—^Rotaiy Phafle Fra. 1256.—Vector Diagram for a Rotary 

Advancer Phase Advancer 


brushes 7 and 8. Now sinoe the currents 3’-4 and 7-8 are 90 
degrees apart it follows that the rotational e.m.f. from 3-4 
and the current from 3^ are displaced by the same angle. 
The actual direction of the rotational e.m.f. in a phase depends 
on the speed and the direction of rotation of the armature it may 
l6ad or lag the current in the phase. The frequency of this e.m.f. 
is always equal to the frequency of the e.m.f. in the rotor winding 
of the induction motor. 

Since there is no secondary winding on a phase advancer and 
siace the reluctance of the magnetic circuit is high compared to 
that of a power transformer it follows that the transformer e.m.f- 
in a phase of the phase advancer lags the current in the phase by 
nearly 90 degrees. On this basis the transformer e.m-f. and 
the rotational e.m.f. in a given phase are in phase or in phase 
opposition; depending on the direction of the rotational e.m.f. 
The magnitude of the transformer e.m.f. depends on the current 
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and the frequency si/i while the rotational e.in.f. depends on the 
current, the frequency si/i, and the speed of the armature of the 
phase advancer. 

The resultant e.m.f. in a phase such as 5, 6-7, 8 is Ek 
(rotor e.m.f.)+E 7 a{trarisformer e.mJ.)+E 76 (j‘atationdl e.m.f.). The 
current In, 0 . 7 , g lags the resultant e.m.f. but may be made to 
lead the rotor e.m.f. A vector diagram showing the voltage and 
current relations is given in Fig. 126&. 

162. Speed Control and Power Factor Correction by the TJse 
of a Shunt Wound Polyphase Commutator Motor.—^Fig. 126 
illustrates a method of speed conttol and power factor correction 
in which the electrical power devdoped in the rotor winding of 
an induction motor is utilized by a shunt wound commutator 
motor. 

The shunt commutator motor has a rotor which resembles 
that of the armature and commutator of an ordinary d-c. 
motor. The number of brush sets required is determined by the 
number of poles and the number of phases. A two-pole, three- 
phase motor requires three brush sets. The stator winding is 
nimilAT to that on the stator of an ordinary polyphase motor and 
is fed with power through an auto-transformer. The rotor wind¬ 
ing is fed by connecting the brushes directly across the supply. 
Two revolving magnetomotive forces are produced, one due to 
the stator currents and one due to the rotor currents. The 
speed of these m.m.f .’s relatively to the mechanically fixed brushes 
are the gntna and since the axes of the m.m.f.’s do not coincide 
a torque is produced. 

If the shunt motor is connected to the rotor of an induction 
motor as shown in Fig. 126 the magnitude and the phase of ^e 
counter electromotive force of the commutator motor determine 
the slip and power factor of the induction motor. The counter 
e.m.f. may be controlled by changing the ratio of tranrformation 
of the auto-transformer through which the field winding is sup¬ 
plied and the phase of the counter e.m.f. is determined by the 
position of the brumes. 

For a given ratio of the auto-transformer the field flux of the 
commutator motor has a constant r.m.B. value regardless of the 
speed of the induction motor. That this must be so is evident 
when we keep in mind that the reactance of the ahto-transformer 
and the reactance of the field winding of the commutator motor 
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botti increaBe at the same rate as the rotor voltage of the induction 
motor increases. The counter voltage developed by the com¬ 
mutator motor depends on the field flux and on the relative speed 
between its field and the rotorji^ySince the relative speed between 
the revolving field and the rotor of the conimutator motor cannot 
change appreciably (a small change represents a large power) 
and since the field flux of the commutator motor is constant it 
follows that for a given ratio of the auto-transfoimer the counter 
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voltage of the commutator motor is nearly constant regardless of 
the mechanical load on the induction motor. 

Since the leakage impedances of the rotors of the induction 
motor and the commutator motor are small it follows that the slip 
voltage of the induction motor must be approximately equal to tbe 
counter voltage of the commutator motor and consequently must 
be nearly constant. Therefore, for a given setting of the auto¬ 
transformer the slip of the induction motor cannot change appre¬ 
ciably as the load on the motor is changed; i.e., the speed regulation 
of the induction motor is fairly good. 
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163. Double-range Speed-regulating Equipment for Induction 
Motors.—T Tiip method of speed control involves the use of a 
polyphase commutator motor and an ohmic-drop exciter. By 
thiff method speeds above as well as below synchronism are 
readily obtained. This method, due to the cost of the auxiliary 
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apparatus required, is applicable to large machines only. The 
apparatus required is shown in Fig. 127. 

Machine A is a i)olyphase commutator motor which under 
certain conditions operates as a generator. Machine 5 is an 
induction generator mounted on the same shaft as A. Under 
certain conditions the latter machine operates as a motor. As 
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far as machines A and B are concerned this method of speed 
control is similar to that in Fig. 126. 

In order to operate at synchronism and above synchronifim 
machine C (the ohmic-drop exciter) is required. The armature of 
the exciter is frimilar to the armature in a synchronous converter, 
but by extending the armature laminations beyond the armature 
conductors it is possible to omit the stator which is always required 
in a converter. Since this machine is mechanically driven by the 
induction motor and since the collectoivringB are coimected 
directly across the supply it follows that the frequency of the 
voltage obtained across the brushes bearing on the commutator 
is equal to the frequency of the volteige induced in the rotor of the 
induction motor. 

The speed of the induction motor is controlled by chanffltig 
the ratio of transformation of the auto-transformer. At synchron¬ 
ous speed the excitation of the field of the commutator motor is 
obtained entirely from the ohmio-drop exciter which at this speed 
delivers direct-ctirrent. The transition from synchronism to 
speeds above synchronism is obtained by reversing the phase 
rotation of the currents supplied to the rotor of the induction 
motor. This is done by sufficiently decreasing the resistance B. 

PROBLEMS 

1. Calculate the appioxiinate value of the storting current when the motor 
specified in Problem 7—Chapter XIII is connected directly across full line 
voltage (rotor shortrcircuited). 

2. Repeat the calculations in Problem 1 when the rotor resistance is such 
aa to obtain the maximuxn torque at starting. 

8. Two induction motors are mounted on the same shaft and are operated 
in concatenation. One of the motors has 8 poles and the other 6. The 
frequency of the power source is 60 cycles per second. Calculate the approxi¬ 
mate running speeds possible. 

4 . A 20-horse power, 4-pole, 220-volt, 60-oycle induction motor and a 
20-hoTBe power, 6-pole, 220-volt, 60-cycle induction motor have a common 
shaft. The stator of the 4-x>ole motor is connected to a 220-volt, OOcyde 
supply. The rotor of the 4-pole motor is connected directly to the stator of 
the 6-pole motor. The rotor of the 6-pole motor is short-circuited. Both 
motors have a turn ratio of unity, (a) Calculate the maximum safe con¬ 
tinuous output of the motors, (b) What proportion of the load does each 
motor take? 

6 . Referring to the motors specified in Problem 6, show that the insertion of 
the right amount of resistance in the rotor oirouit of the fi-pole motor results 
in a higher starting torque in both motors. 
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mDUCTION GENERATOR; PHASE CONVERTER; SYN¬ 
CHRONOUS-INDUCTION MOTOR; AND FREQUENCY 

CHANGERS 

164. Induction Generator.—An ordinary induction motor may 
be used as a generator provided its rotor is driven above syn¬ 
chronous speed in the direction of rotation of the air-gap flux and 
provided a condenaive load is connected across its terminals. 
The initial flux in the air-gap must be obtained by exciting the 
stator winding from a source of a-c. power. 

It is apparent that when the rotor is driven'above synchronous 
speed (negative slip) the direction of the currents in the rotor are 
reversed with respect to the directions of these currents when the 
machine is operated as a motor (see Figs. 128a and 128{>). The 



Fia. 128.—^Magnetomotive Forces Due to the Currents in the Windings of an 
Induction Motor and Induction Generator 

direction of the torque is also reversed and mechanical power must 
now he supplied to the rotor to keep the machine going. Power is 
now transferred from the rotor to the stator and the component 
of the phase current which represents power is reversed. 
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It diould be noted that the direction of the atator field is not 
reversed and therefore it may be assumed that the magnetizing 
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Fig. 129.—^Vootor DiaKnunH for an Tnductivo Mot-or tuitl Iiulinttion Oeuorator 

component of the current which i)i*o(1ucoh the air-gap flux is the 
same in the motor and the generator. Cbiuploto vector diagrams 
showing the relations between the phatKi voltages and phase 

currenis ore given in Kgs. 
129a and 120b. 

The complete perform¬ 
ance of an induction 
gen('riii.or may be cal- 
culai.<'(l analytically by sub- 
Htitut.ing negative values 
of slip in the formulas 
which wem ilerived for 
the induction motor. The 
performance may also be 
predicted from the circle 
130.-Cu^t Circle Diitgrain for an .jiagram (Fig. 130) which 
Induction Goncmtor • T. • i T A • ^ 

IS obtained from the circle 

diagram of the induction motor by merely completing the 
circle. 

The location of the lines AF and ATiT remain unchanged. 
The line LT is proportional to the square of the lino AE and is 
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lerefore a function of the copper loss in a phase of the generator, 
he line TP is proportional to the friction windage and core loss 
id the line PE is proportional to the output of the generator. 

The losses, output, efficiency and dip may be calculated as 
ffiows: 

Rotor copper loBS=g(I/Q)7'i 
Stator copper los8=g(QT)l^i 
Core loss friction and windage=g(TP)yi 

Output= 3 (PP)yi , 

PE 

Efficieacy=j^lOO / 

Mp-^lOO 

Induction generators are usually operated in parallel with 
3 mchronous generators. When once in operation the synchronous 
enerators may be disconnected from the induction generator 
rovided the load connected to the induction generator is con- 
ensive. Synchronous converters and synchronous motors may 
e supplied by individual induction generators. Electric braking 
y induction generator action may be accomplished on locomotive 
quipped with induction motors. 

The advantages of an induction generator are: 

1. It need not be synchronized. 

2. The short-circuit current is small. 

(A short-circuit immediately destroys the field flux.) 

3. The efliciency is fairly high. 

The disadvantages of an induction generator are: 

1. The power factor at which it operates must bo leading 
nd is determined by the constants of the machine and the driving 
orque of its prime mover. 

2. The initial excitation must be furnished by a synchronous 
nachine. 

3. The exciting volt-amperes are much greater than in i:n 
)rdmary synchronous generator. 

166. Phase Converters.—The phase converter is a revolving 
nachine which is used in transforming from polyphase current 
iO amgle-phase current or from single-phase current to polyphase 
surrent. 
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Polyphafie to single-phase conversion.—It is well known that 
a two-phase induction motor or synchronous motor after 
once started will run on one phase. The disconnected phase 
of the motor may be used as a source of singLe-phase 


power. 

In order to convert from two-phase to single-phase the con¬ 
nection diown in Pig. 131 is used. Phase A of the polyphase 
motor is connected to one phase of the supply and phase B is 
connected in series with the load to the other phase. 

The connections are so made that the voltage across the load 
is approximately double the phase voltage impressed on the 

1 converter. The converter 

I ^ W. is put into operation as an 



ordinary polyphase motor 
and after it is up to speed 
the connections to phase B 
are reversed so that the 
voltage generated in this 
phase is added to the im¬ 
pressed voltage of this phase. 

Fig. 131 .— PhasToraTerter (Two-phaw operation phase A 

toSm^phase) “ » receiver of power 

and phase Has a generator. 
Each phase of the-converter operates at approximately the same 
voltage and at approximately the same current. The volt- 
ampere capacity of the converter must be equal to the volt- 
amperes of the load. By this method a single-phase load may be 
drawn from a two-phase system without xmbalaiioing the load on 
the system. 

Single-phase to polyphase conversion.—The Norfolk and 
Western locomotives are dnven by three-phase induction motors. 
Power is supplied to the locomotives from a single-phase source 
by an oveivhead trolley. The connecting link between the single- 
phase source and the three-phase motors is a phase converter 
(see Kg. 132a). 


The connections of the converter to the induction motors find 
to the trolley are shown in Pig. 1326. The converter is driven by 
power supplied to phase A. Phase B corresponds to the teaser 
coil of a transformer T-connection. The converter is brou^t 
up to speed by a single-phase commutator motor. 
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Fia. 132a.—Phase Converter (Sin^e-phase to Three-phase) 

166. Synchronous-Iaductlon Motor.—^This motor operates 
below or at synchronous speed depending on the mechanical 

output of the motor. Below _ 

synchronous speed the per¬ 
formance of the motor is 
identical with that of an 
ordinary polyphase indue- Tiun.fbnner 
tion motor. At synchron¬ 
ous speed its performance 
is SUnilar to that of a Syn- Phase Conyorter 
chronous motor. Below syn¬ 
chronous speed the power 
factor is determined by the 
constants of the circuits and 
at synchronous speed the 
power factor may be adjust- ^“<*“^1011 Motor 
ed by changing the field 
excitation. 

A diagram showing the yiq, 182&.—DL 
circuits of the motor is given a Ph 

in Figs. 133a and 133&. The 
power is supplied to the rotor instead of the stator as in the 
ordinary motor. The rotor winding is so constructed that a 


Trolley 





Track "f 

igram of Connections of 
ase Converter 
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relativdy high arC. voltage may be applied to the rings and yet 
the voltage acro ss the brudies on the commutator is small. A 
special star-mesh armature connection shown in Fig. 133b is 
reqiiired for this purpose. 

The operation of the motor may be explained as follows: 
Below synchronous speed the polyphase current in the armature 
winding produces a revolving magnetic field which cuts the two 
stator windings A and B and induces e.m.f.'s of slip frequency 
in them. An e.m.f. of slip frequency is also induced between 
brushes a and b due to the cutting of the ai^gap flux. The two 
e.m.f.^s acting on the circuit formed by coils A and B produce 

a current which is also of 
slip frequency. A mag¬ 
netic reaction between the 
stator and the rotor circuits 
takes place and torque is 
produced as in an ordinary 
polyphase induction motor. 

As the machine speeds 
up the cutting e.m.f. im¬ 
pressed on windings A and 
B becomes greater than 
that obtained by induction and the current in these windings is 
set up primarily by the cutting e.m.f. When synchronism is 
approached a high pulsating unidirectional s 3 aichronizing torque 
is produced by winding B and the rotor is pulled into syn¬ 
chronism, Winding A produces an alternating synchronizing 
torque (see Figs. 134a and 134b). 

When synchronism is actually obtained the stator windings 
are supplied by direct-current and the machine will operate as a 
synchronous motor. Winding A may now be considered as 
producing the torque field and winding B a compensating field. 

167. Frequency Changers.—Frequently it is desirable to trans¬ 
fer power from one a-c. circuit to another circuit operating at a 
different frequency. The machine which forms the connecting 
link between the two circuits is called a frequency changer. 
Motor-generator sets are always used for this purpose. Both 
synchronous and asynchronous machines may be used. 

Syndironous—syndironous frequency diangef.—^This type of 
frequency changer consists of a synchronous motor driving a 
synchronous generator. If a-c. power at 25 cycles is to be changed 


(« 

Fig. 133.—^Wiring Diagrams of a Synchron¬ 
ous Induction Motor 
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to 60-oycle power it is necessary that the motor is wound for 
10 poles and the generator for 24 poles. The operating speed of 
the set is 300 r.p.m. and this is the maximuin speed at which the 
transformation can be made for the number of poles specified 
represent the Tninimiim number. 
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Fig. 134. —Synchroniaing Torques Produced in a Synchronous-Induction 

Motor 

The B 3 nichronous machines must be synchronized to their 
respective circuits. This is difficult to accomplish for when the 
motor is in synchronism it is not likely that the generator is also in 
synchronism. Exact synchronism is obtained by “ slipping 
poles” (see Article 133 on the synchronous converter) and by axially 
displacing the stator of one of the machines with respect to the 
other (the stator of at least one of the machines is mounted on a 
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cradle). By this method power may be transferred from the low- 
frequency system to the hi^-frequency system or vice versa. 
The reversal of power is accomplished by changing the phase 
angle between the excitation e.m.f.’s of the machines. This may 
be done by axially displacing one of the stators. 

Induction-lype frequency changer.—This type of frequency 
changer consists of a wound rotor induction machine (motor) 
driven by a synchronous motor. The stator of the induction 
machine is connected to one power system and the rotor to another 
power system which operates at a different frequency. When a 
frequency /i is applied to the stator of the induction machine and 
the rotor is driven in the opposite direction to that of the revolving 
fidd produced by the stator currents the frequency of the current 


in the rotor circuit is 




/i, where ni represents the 


synchronous speed of the stator field and 712 represents the speed 
of the rotor. The chief objection to this method of changing 
frequency is that a poor voltage regulation on one power system 
affects the voltage of the other system. 


PROBLEMS 

1. An induction generator and a synchronous generator are operated in 
parallel to supply a synchronous converter, (a) What will happen if the 
synchronous generator is disconnected? (&) What factors determine the 
frequency and the terminal voltage in (a)? 

2. The induction motor specified in Problem 7—Chapter XIII is operated 
as an induction generator, (a) Construct the current circle diagram for the 
generator. (&) Predetermine the following performance curves: 

(1) Power oul^ut plotted against values of slip. 

(2) Efficiency plotted against power output. 

(3) Power factor plotted against power output. 

8. A phase converter is connected to a load as shown in Fig. 132. The 
power input to the three-phase load is 426 kv-a., at 440<volts, and 87 per cent 
lagging power factor, (a) Calculate the power in the two windings of the 
phase converter. (Assume that the phase converter is perfect; that is, it 
has no losses and no leakage reactance.) (6) How much power is supplied 
directly to the load without going through the phase converter, (c) Con¬ 
struct a voltage-current vector diagram showing the voltage and cuiient 
relations in the load and the converter. 

4 . An induction frequency changer is used to transform 10|000 kw. from 
a 25-oycle to a 60-cycle circuit. The stator of the frequency changer is wound 
for 14 poles, (a) Calculate the speed of the rotor, (h) How much mechani¬ 
cal power must be supplied to t^ frequency converter? (Assume that the 
converter is perfect.) 
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SINGLE-PHASE XNDUCTION MOTOR 

Any polyphase induction motor may be operated on one phase 
pro'vided it is first brou^t up to sp^ as a polyphase motor 
or by one of the special methods of starting. Its performoELce is 
different from that of the polyphase motor. For example, a 
three-phase motor when operated on one phase requires approx¬ 
imately 's/s times the magnetizing current required for three- 
phase operation while the Tnn.ximiim torque, maximum output, 
and m(i.TiTnnm power factor are much lower. 

168. Comparison of the Performance of a Three-phase Induc¬ 
tion Motor with the Performance of the Same Motor Operated 
on One Phase .—A three-phase motor having a Y-connected 
stator and a Y-connected rotor is selected for the reason that the 
stator drouit of a commercial sin^e-phase iuduotion motor is 
almost identical with the circuit obtained by connecting two 
Y-phases in series. 

Consider first two Y-phases lA and 2A (see Figs. 136a and 
135b) whose relative motion is such that the mutual inductance 
between them is proportional to the angle between their axes. 
i.e., whose mutual inductance is 

ma—MisoBfi ( 1 ) 

where t is tipoe measured from the instant at which the axes of the 
two phases coincide, p is the rdative angular velocity of the two 
phases about an azia which is common to both. In the illustration 
p»27rn2; where 712* is the speed of the rotor. 

Let a sine-wave current of any frequency /i be established in 
phase lA, and let the phase an^ of this current referred to the 
instant at which the axes of the two phase lA and 2A coincide 
be 7 . 

The current input may be expressed in the form 

sin («f— 7 ) 

where Ii is its r.m.s. value and (i)= 2 t/i. 
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The flux UnVogw of phase 2A at any instant due to the current 
ti in LI at this instant is from the definition of mutual 

inductajice 

-Kaa=maii^V2MIi sin (arf-y) cospf 

_y^^^[(„_p)f_Y]+^!^^^8in[(«+p)f-'y] (3) 

The electromotive force induced in phase 2il by these flux 
linkagesis ' 

g^««^abvolt8 


_ goa cos [(‘»+p)t-y] 

If the rotor is driven at synchronous speed, the electrical time 
.radians 2ii/i of the stator current in a given time are equal to the 
dectrical space radians 2imi covered by the rotor in the same tme. 
On this the slip of the motor may be defined by the relations 


62a 


8 .!^—£ and therefore p=(1—«)«. 

01 

This value of p substituted in the e.m.f. equation gives for the 
e.m.f. in phase 2A 

^8aMIiO(a[8<d-y]+^(2-3)uMIi cos[(2-s)orf-7] (4) 

The dectromotive force consists of two components, one 
hadng a frequency of 8fi and the other a frequency of (2-a)/i. 

I The component cor- 

^ ___ responds to the e.m.f. in 

rotor of an ordinary 
\1 polyphase induction mo- 

tor. The second com¬ 
ponent corresponds to the 
e.m.f. in the rotor of an 
ordinary polyphase induc- 

Fro. 136.— Circuits of a Three-phase Indue- tion motor when its rotor 

tion Motor is driven backwards by an 

auxiliary motor. Note 
also that the r.m.s. value Qf 9 aoh component is proportionqj 
to its frequent^. 
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electromotive: forces in rotor 


Gdnsidfir now two other Becondary phaaea 2B and 2C, the 
axis of 2B leading the axis of 2A by 120 degrees and the axis of 2C 
lag^ the ans of 2A by 120 degrees, as shown in !Fig. 136&. The 
mutual induotanoes of phase lA with respect to these two phases 
are then 

mb=M cos Orf+120) 
cos (pi—120) 

The electromotive forces induced in these two phases by the 
current ii are 

fla=cos [aut-y-120 ] 

cos[(2-s)arf-7+120] (5) 

and 

eao—cos [«wf— 7 + 120 ] 

^ y^(2— [(2—7—120] (6) 

The dectromotive forces induced in the three secondary phases 
therefore each consist of two components, one of frequency 
and one of frequency (2—a)/i. The components having the 
frequency s/i have a phase rotation opposite to those of frequency 
(2-a)/i. 

Let r 2 » the resistance of each of the secondary phases; 

L' 2 =self-inductance of each of the secondary phases; 

and 

' M' 2 =the mutual inductance between any two of the second¬ 
ary phases. 

Note first that if iaa, in, and ija are ruiypositivecurrentsin the three 
secondary phases, then the total flux linkages of phase 2A due to 
the current in this phase and the currents in the other two second¬ 
ary phases are 

But in a three-phase circuit i 2 o+»a»+ia«=0. Whence im+iic — —iaa, 
and therefore the total flux linkages of phase 2A due to the cur¬ 
rents in all three phases of the secondary 

Xan = (L^2+Jf2)iao *= L24a 


( 7 ) 
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Now the total e.m.f. induced in any phaae of the Beconda,iy by 
the piimaiy current must be equal to the resistance drop in this 
phase plus the inductive drop in this phase due to the secondary 
currents. Whence, for phase 2A 

( 8 ) 


Since saa consists of two components of different frequencies, the 
current iaa must likewise consist of two components of the same 
frequencies, and the component of each frequency must satisfy 
equation (8) separately. The r.m.s. values of these components 
of the secondary current will then be respectively [see equation (4)]. 


jf __ saMJt _ 

*”2Vr22+(sw)“L2“ 


( 9 ) 


jff ___ 

^ ~2\/r2“+(2-8)2«2L22 


( 10 ) 


and the angles by which these two components lag the correspond¬ 
ing induced electromotive forces are 


Note that 


fl"2=tan-i[^=^] 
cos [s<i4— 7 ]= sin 7+lj 


( 11 ) 

( 12 ) 


and therefore the expression for the instantaneous value of the 
first component of the secondary current in phase 2A is 

I'asin r««i— 7 +^—fl'sj 


Similarly the expressipn for the instantaneous value of the second 
component of the secondary current in phase 2A is 

/"asin [(2-«)«<-7+|-fl"2] 

Put 


and 
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Then the instantaneous values of the ouirents in the three second¬ 
ary phases are 

iia = sin [«a>«+7'2]+V5/"2 sin [(2—8)a)<+7"2 ] (13) 
<»='v/ 27'2 sin [8wt-|-7'2—120] 

+\/2I"2sin[(2-8)«i-|-7"2+120] (14) 
iao=V^'a sin [ 8 a)« 4 - 7 ' 2 + 120 ] 

+V^"2 sin [(2-8)w<+7"2-120] ( 16 ) 

These secondary ouirents in turn induce eleotromotive forces 
in the primary winding. To obtain an expression for the total 
eleotromotiye force thus induced in the primary, it is necessary to 
express first the total flux linkages of the primary due to the 
secondary currents. The flux linkages of the primary due to the 
current in phase 2A of the secondary are 

Xio “ fitaiaa 

= \/ 2 MI '2 sin [ 8 wi-f -7 2 ] cos pi 
-|-V^7"2 sin [( 2 — 8 )<oi-l- 7 " 2 ] cos fit 


and expand. Then 

, ^V2MI'a ^ . V2Af7"2 , . . „ ^ 

Xia =- 2 -(w^+7 2)H- 2 - (<i>i+7 ' 2 ) 

^ V2Mra ^ [(28-l)«<-|-7'2]+^^^^^^^Bin[(3-28)«t-|-y'2] 


Similarly, the total flux linkages of the primary due to the current 
in the phase 2B of the secondary are 

, V2MI'a . , ,, , , , Vmr '2 . , ,, „ . 

Xi»=-2- («<+7 2)^-2-(«<+Y a) 

■ I sin [( 2 s- 1 )««- 1 - 7 ' 2 - 240 ] 

+ — sin [(3-28)(o<+7"a+240] 
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Similarly 

Xu =- 2 -™ (arf+7 2 )-i- 2 -(wi+V 2 ) 

V^Ta ^ [(2a_l)«<-(-T/2-|-240] 

+ Vmr'a ^ [(3_2g)^4.y/2_240]. 

The sum Xiaj Xu, and Xu gives the total flux linkages of the primary 
due to the three secondary currents. Note that the wnm of the 
three components which have the frequency (28—l)/i is zero 
sinoe the three components differ in phase by 120 degrees. Also, foi 
the same reason, the sum of the three components which have the 
frequency (3—28)/i is zero. Hence the total flux linlrugpp ol 
phase lA due to the secondary currents are 

, V23MI'a . , ,, ,,,V23M7"2 • , „ 

Xi=-^- am (cirf-f-y 2 )H- 2 - - ™ («i+y a) (161 

The corresponding counter dectromotive force induced in the 
primary phaee due to these flux linkages is then 

V23a»afJ'2 * / . . , ^ . y/iZaMt'a , 

«i=-^-cos («<-|-7 alH-g-cos (orf-|- 7 " 2 ) (17) 

Note that the secondary currents, although having two com¬ 
ponents of frequencies (28—l)/i and (3—28)/i, induce in the 
primary an electromotive force of the same frequency as the 
primary current, hut that this is true only when the secondary has 
a polyphase winding. If a sm^phase winding were used on the 
secondary, the electromotive force in the primary would have 
components of frequency (2s—l)/i and (3—2s)/i in addition to 
the frequency /i. The currents produced in the primary ly these 
electromotive forces would in turn induce in the secondary currents 
of other frequencies and a cumulative frequency effect would result. 
Let n sresistanoe of a primary phase; 

Li B^total inductanoe of a primary phase. 

Then from equation (17), the voltage which must be impressed 
on the phase lA in order to produce the primary current I'l is 

l'l = V2[ri7i on (etf«-7)-l-a)Li7i cos (uf- 7 )]+ 8 i (18) 
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Consider now the case of a three-phase motor having a Y-oon- 
nected primaiy, and let this motor be operated as a sin^o-phase 
motor with two branches of the Y forming the single-phaBe 
primary, as shown in Fig. 136. This corresponds to the actu^ 
arrangement of windings on a sin^e-phase motor. 



Let Ml be the mutual inductance between the two phases of 
the primary and let L\ be the self-inductance of each phase of 
the primacy. If is the current toward the neutral in phase 
then the current toward the neutral in phase IS is —t'l, and there¬ 
fore the flux linkages of phase Id. due to ^e single-pbase primary 
current in both windings are 

Hence the equivalent sdf-inductance of phase Id is (L'l-t-Afi) 
and therefore the equivalent self-inductance of the two primary 
phases in series is 

L=2(L'i-HAfi)=2Li (19) 

The magnetic field due to a current in the two primary phases 
(Fig. 136) in series is \/3 times as powerful as that produced 
by the same current in one phase only. This is evident when 
we keep in mind that a given current Ji entering the line terminal 
of phase Id produces a magnetic field along its axis and that 
an equal current Ii entering the line terminal of phase IB produces 
a magnetic field 120 electrical space degrees displaced from the 
field produced by Id and of equal strength. It follows that a 
current Ji entering the line terminal of phase Id and leaving 
the line terminal of phase IB produces a magnetic field Vs times 
as powerful as that produced by one phase alone. The axis of 
the resultant field lags the axis of Id by an angle of 30 electrical 
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space degrees. The two phases in series are equivalent to a 
sin^e coil whose maTimiim mutual inductance relative to a rotor 
phase is •y/sM and whose magnetic axis lags the magnetic axis 
of phase lii by 30 degrees. 

The expression for the mutual inductance between rotor phase 
2A and the two primary phases in series now becomes 

Tn# ■= “s/SM cos fit (compare with equation ( 1 )) 


where /d is now measured from the aids of the coil equivalent to 
the two primary phases in series. 

Let n be the resistance of each of the two phases of the primary. 
Then the equivalent restetance of the two primary phases in 
series is 

r= 2 ri ( 20 ) 

Equations (1), (4), ( 6 ), ( 6 ), (9), (10), (17), and (18) then also 
hold for the connections shown in Fig. 136 provided that to ilf is 
assigned the value VSAf, to Li the value 2 (L'i+M i)= 2 Li and ton 
the value 2 ri, and provided y is tal&en as the phase an^e of the 
primary current at the instant when the axis of the secondary 
phase 2A coincides with the axis of the equivalent primary winding' 
i.e., with the line which lap 30 degrees behind the axis of phase lA 
of the primary. 

Substituting VSilf in place of in equation (4), we obtain 


\/2 /— 

eaa=—^sa‘v3MIi cos (aut—y) 

•v/2 

H—^(2—8)<i)\/3JlfJi cos [(2—«)«f— 7 ] (21) 


The two component e.m.f.’s in each phase of the secondary 
establish currents each of which conrists of two components having 
the r.m.s. values 


/'a 






( 22 ) 




(23) 
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The ooimter e.m.f. induced in the primaty by the secondaiy 
currente ia [see equation (17)] 

^ (24)' 

The required primary voltage ia 

»i = \/2[2riJi ain (uf—y)+2aLiIi ooa («<— 7 )]+ei (26) 

^Conaider now two identical single-phaae tranafoimera, each 
having a primary reaiatance n, aecondary reaiatance total 
primary inductance Li, total secondary adf-inductance \L 2 , and 



Fia. 137.—Equivalent Circuit of a Three-phaae Induction Motor Operated on 

One Phaae 


Let the primaries of these two transformers be connected in 
aeries (Fig. 137) and let the secondary of the first one be connected 

to a non-inductive load of resistance msiking the total 

1 T 

resistance of its secondary ^ , and let the secondary of the other 

O B 

transformer be connected to a non-inductive load of resistance 

resistance of the secondary ^^ 2 ^) 


By applying to Fig. 137 the same method of analysis as was 
used for the single-phase motor (noting that the mutual inductance 
for the transformer is constant, which greatly aunplifies the 
analysis), it may be shown that when a current 
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am (wi—7) 


is established in the two primary windings that the current in the 
upper secondary will have an r.m.s. value equal to three times the 
r.m.B. value of the low-frequency secondary ounent in the single- 
phase motor. 

The current in the lower secondary will have an r.m.B. value 
equal to three times the r.m.s. value of the hi|^-frequenqy second¬ 
ary current in the sin^e-phase motor. 

The back induced ejn.f. in the upper primary will be the 
same as the first component of equation (24). 

The back induced e.m.f. in the lower primary will be the same 
as the second component of equation (24). 

The power input to the upper secondary will be equal to that 
part of ^e total power input to all three secondary phases of the 
sin^e-phase motor due to the low-frequency secondary currents. 

The power input to the lower secondary will be equal to that 
part of the total power input to aU three secondary phases of the 
single-phase motor due to the hi^-frequency secondary currents. 

The power input to the external secondary resistance U'a 
which is equal to the power input to the upper secondary leas the 
copper loss in this secondary, is equal to the mechanical output 
of the rotor due to the low-frequency currents. 

The power absorbed in is a negative quantity, and there¬ 
fore represents an electrio power output. It is equal to the 
reduction in the mechanical output due to the presence of the 
secondary currents of high frequency. 

The magnetic reactions in the transformer are identical with 
those in the motor and therefore, the primary power factor, 
primary voltage, and primary current are identically the same. 

Figure 137 may therefore be looked upon as a circuit eleotrio- 
ally equivalent to the single-phase motor, the power input to the 
resistance B'a and j2"a being equal to the mechanical output of 
the motor. 

Note that any transformer which has a primary winding of 
total self-inductance Li, secondary winding of total adf-mductance 


La, mutual inductance M, turn ratio U 


^^ifl assumed equal to^^ 


and primary and secondary resistances ri and r 2 , may be repre¬ 
sented by a mn^e circuit diagram as shown in Fig. 138, where the 
constants xi, X 21 , ri and rsi have the values indicated on the dia- 
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Fia. 130.—Equivalent Circuit of a Three-phaae Induotioa Motor Operated on 

One Fh^ 


Y-connected motor operated as a three-phase motor. That is, 
ri and Xi are the resistance and leakage reactance per phase of the 
primary, rai and X 21 are the resistance and leakage reactance per 
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pliase of the secondary reduced to primary turns, and gi, and 6i, 
are the core^loaa conductance and magneti 2 dng susceptance per 
phase referred to the primary. 

Referring to Fig. 139, note that the resistance i2"2i lies between 
—and 0 for any value of the slip between zero and unity, 
and, therefore, the resistance of the branch DFG of the network 
lies between Jra and ra for all values of the dip between zero and 
unity. The impedance of the branch DFG is therefore small 
compared with the impedance of the branch HO, and hence the 
complete removal of the branch HO produces but a slight eff^t 
in the values of the currents in the other branches of the network. 
The potential difference between D and 0 will also be relatively 
small compared with the impressed voltage. Hence, with the 
branch HO removed, H may, with but small error, be considered 
as connected directly to 0 instead of to D, 

The resistance B" 2 i then becomes directly in series with A ai 
and their joint resistance is 


„ ri“"5 1—[2—4s+2fi2' 


For small values of slip is negligible and 


where s'*2s. 




On these assumptions, Fig. 139 reduces to Fig. 140, which for 
sm a ll values of the slip, is a fair representation of the single-phase 
motor ^own schematically in Fig. 136. 



Fio. 140.—^Equivalent Circuit of a SinjJe-phase Induction Motor 


From Pig. 140 and the corresponding circuit (Fig. 117, Chapter 
XIII) for a three-phase motor, a comparison may be made of the 
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perfonnanoe of the given motor when operating sin^e-phaae and 
when operating three-phase. 

1 . For the same 'line voltage in both cases the voltage to 


neutral for three-phase operations is and the magnetizing 


current is bi—;=. The magnetizing current for single-phase 

V3 

operation is hiV. Hence, when operating sin^e-phase, the 
niAfmfttitiTig current is a/s times the magnetizing current per 
phase for three-phase operation. 

2. The total magnetizing volt-amperes (all three phases) for 

three-phase operation are and the magnetiz¬ 


ing volt-amperes for single-phase operation are biT*. The 
TnngnAtiting volt-amperes are therefore the same in both cases. 

3. The total core loss for three-phase operation is 


^giV^ which is the same as the core loss for a mn^e-phase 

operation. _ 

4. From equation (24), Chapter XHI the maximum torque 
for three-phase operation is 


= gfiO n){^y ^ 

746(2ir7ii)'' \\/3/ ‘ 2 (ri-|-V'ri®-|-(®i-|-X 2 i)*) 


Applying the same rdation to Fig. 140 the maximum torque 
for single-phase operation is 

“ 746(2v7h) ^^^^^“4{ri-fVri»-|-(®i+®2i)*} 

Hence for sm^e-phaae operation the maxiTmim torque is one-half 
the mainTmiTn torque for three-phase operation. 

6 . Applying equation (23), Chapter XIII, to both oases, the 
value of s' in Fig. 140 at whidi TTummum torque occurs for single¬ 
phase operation is equal to the actual slip at which TnaxiTmim 
torque occurs for three-phase operation. Hence the actual slip at 
which TYiRTimiTm torque occurs for single-phase operation is one- 
half the slip at which TnfljriTmtm torque occurs for three-phase 
operation. Note: Due to the approximation involved in the 
equivalent circuit diown in Fig. 140 the relations expressed in 
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(4) and (5) are only roughly approximate. Actually, the maniTnnm 
torque and the Tnaximum power output for single-phase operation 
are about 40 per cent, instead of 60 per cent, of their values for 
three-phase operation. 

6. In order to keep the same ratio between the nfiavimniin 
torque and the rated torque, for the same line voltage, a three- 
phase motor when intended for single-phaae operation must there¬ 
fore be given a rating of about 40 per cent of its three-phase rating. 
The current taken by the motor at tibia reduced rating will be 
slightly leas than that corresponding to its three-phase rating, 
and consequently the total heating will be less. For this reason a 
higher voltage (usually about 30 per cent hi^er than the three- 
phase line voltage) may therefore be used without exceeding 
the safe temperature limits. Since the maximum torque is pro¬ 
portional to the square of the impressed voltage, the single-phase 
rating of the motor is then increased 70 per cent above its sin^e- 
phase rating at three-phase line voltage, resulting in a sin^e-phase 
rating of 40X1.70=68 per cent of its three-phase rating. In 
short, the temperature rise of a three-phase motor when operated 
single-phase at approximately 70 per cent of its three-phase rating, 
with the primary impressed voltage 30 per cent in excess of the 
three-pham line voltage, will be the same as when operated as a 
three-phase motor, and the ratio of the maximum torque to rated 
torque will be the same both single-phase and three-phase. The 
power factor and efficiency, however, will be less for sin^e-phase 
than for three-phase operation. 

169. Methods of Starting Single-phase Motors.— 

1 . The motor may be started by repulsion motor action (see 
next Article). When the proper speed is reached the commu¬ 
tator is automatically short-circuited by a short-circuiting ring 
and the brushes are automatically lifted off the commutator. 

2 . The proper starting torque may be obtained by using shad¬ 
ing coils in addition to the main stator field coils (see Fig. 141). 
The field flux in the unshaded portion of the pole leads the field 
flux in the shaded portion of the pole. A shifting magnetic field is 
obtained which induces currents in the rotor and produces a 
starting tdrque. 

3. Starting torque may also be obtained by using a phase- 
spKttmg device (see Fig. 142). By this scheme a revolving fidd 
is produced and starting torque is obtained. After the rotor has 
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Short-oironited S hAdlng CoS 



Fio. 141.—Shaded Pole Single-phase 
Motor 


g^ed momentum the phase-eplitting device may be disconnected 
and the two stator windings may 
be connected in parallel. 

170. Rqpulsion Motor .—A re¬ 
pulsion motor is a form of sin^e- 
phase motor in which the rotor 
is HiTm'lBT to the armature of an 
ordinary d-c. motor. The brushes 
bearing on the commutator are 
short-circuited. 

Before giymg a detailed explanation of the operation of a 
repulsion motor it is essential to know that 
the armature of an ordinary d-c. motor is 
magnetically equivalent to a coil having its 
axis parallel to the axis of the brushes. 
When the brushes are shifted the armature 
field is drifted a like amount. To illustrate 
this point consider the two-pole ring wound 
armature in Fig. 143. A current entering 
brush A and leaving brush B produces a 
field down while a current entering brush A' 
and leaving bnish B' produces a field to the 
left. A drift in the brudres from A to A' 
and B to B' results in a like shift of the 
armature fidd. The complicated armature 
motor may therefore be represented by a 



Pro. 142.—^Phaae Split- 
tiiig Device 


winding of a d-c. 

magnetically equivalent winding (Fig. 

144). 

171. Operation of the Repulsion 
Motor.—The operation of a repuldon 
motor may be studied by reference to 
Figs. 145a, 1465,146c, and 146d. These 
figures differ only in the podtion of the 
short-circuited brushes. When the axis 
of the brudres is parallel to the axis of Fia. 143.—Location of Anna- 
the stator field a large current is induced ture Reaction Field Relative 
in the rotor by transformer action. This to Brush Position of a Single¬ 
current produces a magnetic reaction phase Motor 

directly opposed to the field produced by the stator current alone 
qnd no torque is posdble. If the qxi9 pf the brusbes is perpexii 
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diculax to the axis of the stator fidd and the rotor is stationary no 
currents are induced in the rotor and no torque results. When the 
brushes are drifted to the position indicated in Fig. 145c, the rotor 
field reacts on the stator field (tire rotor poles repel the stator poles) 
and rotation ta>kes place in a counter-clockwise direction. To 
reverse the direction of rotation it is neces¬ 
sary to shift the brushes to the position 
indicated in Fig. 145d. 

172. Voltage-Current Vector Diagram 
IB for a Repulsion Motor.— In Fig. 146c a 

Fig. 144.—Armature current in theprinxary winding A B pro- 
Wiuding Equivalent to duces an alternating flux, part of which 
the Armature Winding of considered as a mutual flux link- 

mgbothwmding0il5ajidCI>. On account 



a Repulaion Motor 


of this mutual flux are induced in both windings by 

transformer action. These windings are mmllftr to those on an 
ordinary power transformer; i.e,, the e.m.f.'s due to transformer 
action lag the mutual flux by 90 degrees (see Fig. 146). In addi¬ 
tion to the transformer e.m.f. in the circuit CD there is another 
e.m.f. due to the fact that the rotor winding cuts the magnetic 
field produced by the 
primary current. The XTT^r 
cutting e.m.f. or ro¬ 
tational e.m.f. as it 
is often called is posi¬ 
tive when the flux is 
positive and has a 
maximum value when 
the flux has a maxi¬ 
mum value. For these 
reasons the cutting 
e.m.f. may be repre¬ 
sented by a vector 
in phase with the 
flux. The resultant e.m.f- CD sets up a current Icd which lags 
the e.m.f. by an angle which is determined by the resistance and 
the leaJcago reactance of the rotor winding. The rotor current 
referred to the primary winding when combined with the no-load 
current gives the total primary current. The impressed voltage 
on the primary winding is equal to the vector sum of the counter 



Fia. 146.—Diagramfl Showing that the Torque 
Develojped in a Kepulaion Motor Depends on the 
Looation of the Brushes 
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FhixCMiitiu]) 


(EfealUnt) 





the EepuMon Motor in Fig. 
146(c) 


of rotation and for 
is often oaJled the 


voltage due to the mutual flux, the resistance drop, and the pri- 
Eoary winding leakage reactance 
drop. 

173. Power Factor Compensation 
In Repulsion Motors.—^The stator 
fleld of the motor in Fig. 145c may be 
replaced by two coils having their 
axis 90 electrical space degrees apart 
(see Fig. 147). Coil No. 1 produces 
the transformer fleld <t>T which links 
the armature drouit CD and produces 
a current in it by transformer action. - . . tm 

Coil No. 2 produces a field which 
reacts on the currents in CD and 
produces torque. The field produced 
by coil No. 2 is responsible for the speed 

this reason it 
speed field <l>,. 

Coil No. 2 may be eliminated 
from the stator winding by adding 
another set of brushes EF located 00 
electrical space degrees from the 
brushes CD (Fig. 148) and con¬ 
nected in series with coil No. 1. In 
other words the armature itself may 
be made to produce the speed field 
<l>,. The motor in Fig. 148 has the 
disadvantage of having more brushes 
than an ordinary repulsion motor, but it 
has the decided advantage in that it 
operates at a better power factor. The 
circuit EF has two ejn.f.’s induced in 
it, one due to the transformer action of 

the flux and the other due to cutting _ ' 

of the flux 4>t. These e.mi.’B have com- Fio. 148.—Diagram Show- 
ponents which respectively lag and lead ing How the Speed Field 
the current t.bmngli EF (see Figs. 149 of a Repulsion Motor 
and 160). It follows that the reactance ^ Produe^ by the 


147.—^Tranafoimer 
Speed Field of i 
pulsion Motor 


Field 




of the circuit EF may be made positive 


Armature Winding 


or negative, depending on the relative magnitudes of these 
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Since the reactance of coil No. 1 is positive it may be 
compensated by a negative reactance in the circuit EF and the 
motor may be operated at any desired power factor. 



(b) (e) 



Flo. 149.—^Diieotions of Induced E.M.F.'b in a Compensated Repulsion 
Induction Motor 


174. Winter-Eichberg-Latour Compensated R^ulsion Induc¬ 
tion Motor.—One of the fundamental methods for obtaining good 
power factor on single-phase induction motors is illustrated by 
Figs. 149 and 150. 

The motor is so connected that counter-dookwise rotation is 
o^ptfliiied. Twp e.Bai.f .’9 grp set up in eqph of the pircuits CJP 
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and EF. The directions of these e.ni.f.’s for the assumed positive 
directions of the fields 4>, and ^ are indicated in Figs. 149&-140S. 
The voltage drop BG is equal to some constant multiplied by the 
resultant e.m.f. EF. By properly adjusting the rotational 
e.m.f. EF, it is possible to obtain a hi^ power factor on the 
primary circuit. 

176. Shunt and Series Motors Operated by Sin^dfi-pliase 
Alternating-current—Ordinary d-o. shunt and series motors can¬ 
not be operated by single- 
phase altematmg-current for 
the following reasons: 

1. Per ampere input the 
torque developed by alteiv 
nating-current is much smaller 
than that obtained per ampere 
of direct-current. 

2. The power factor is 
very low. 

3. The eddy-current losses 
are very large. 

4. The commutation is 


, E (Ttotattonal) 





Bne 


(or Une omronl) 


E OP (BoIitIozul> 


E gp (TEvnaformig') 


£ (rnnaformer) 


4 ^ 

V 


very poor. 

The shunt motor operated I60.-Veotor Diagram for the Com- 

xuo cmimi. peneated RepuMon-Induction Motor 

by altemattog-current.—The Shown in Kg. 149 

inductance of the field winding 

of an ordinary d-c. shunt motor is so high that with an alternating- 
voltage applied the field current is extremely small, the field fiux 
is small and the torque which depends on the product of the field 
fiux and the armature current is necessarily very small. 

Both the armature and the field circuits are hi^y inductive 
and for this reason the power factor must be low. 

A solid field yoke subjected to an alternating-flux acts like a 
short-circuited secondary winding on a transformer with the 
result that the iron losses in a solid yoke are excessive. 

A coil undergoing conomutation has the following component 
e.m.f.’s induced in it: 

1. The e.m.f. of self-induction. 

2. The e.m.f. due to cutting of the main field. 

3. The e.m.f. due to transformer action. The axis of a coil 
undergoing commutation is parallel to the axis of the nm-in field 
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and acts like a ^it-oirouited secondary 'ndnding on a transfonnei 
(see Mg. 161). 

The e.in.f. due to tranafonner action is responsible for the 
commutating difficulties in single-phase commutating machines. 

The dr-c. series motor operated by alternating-current.—^The 
d-c. series motor operated by alternating-current has the same 
faults as the diunt motor, but the torque developed per ampere 
input is considerably greater. i 

The average torque developed depends on the maviTmiTn value 
of the field flux, the maximum value of the armature current and 
the time phase relations between them. In a series motor the 
field current and the armature current are necessarily in phase 
and equal. On account of the field yoke losses the current and 
the field flux cannot be in phase and for this reason the torque 
per ampere of input is small compared to that obtained when the 
motor is operated by direct-current. 

The a-c. series motor .—A series motor if properly designee 
may be operated by alternating-current. A good arc. series motoi 
has the following design features: 

1. The field yoke is laminated. 

2. The field rduotance is small. 

3. The number of field turns are small. 

4. The flux density in the magnetic circuit is low. 

6. A compensating winding is provided. 

6. The number of turns on the armature is greater than thosi 
on an ordinary d-c. motor of the same armature diameter anc 
starting torque. 

7. The number of armature turns per commutator segment i 
smaller thnn in a d-o. motor. 

8. The number of commutator segments is large. 

9. Special provisions are made for obtaining good oonunu 
tation. 

In order to have the field flux nearly in phase with the fieli 
or armature current it is necessary that tiie losses in the field yok 
are small. This requires that the magnetic circuit be completel, 
laminated. 

To obtain a small inductance for the field winding it is necessar; 
that the winding has few turns and that the flux linldTig it is amal 
The minimiun inductance for a given fleld flux is obtained whe 
the reluctance of the magnetic circuit has the smallest possibl 
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value. For this reason an a-c. series motor has a more compact 
magnetio circuit and is operated at a lower value of field flux tlmn 
a d-c. motor of equal speed and power. 

The torque of a motor depends on the product of the field 
flux and the armature flux. If the field is designed for a relatively 
small flux it is necessary to i 

construct the annature _ 

magnetically more power- “ 

ful; i.e., for a given torque 
more turns are required on 
the armature of a single¬ 
phase motor than on the 
armature of a d-c. motor of 
equal speed and power. 

To obtain a high power Fiq, 151.— Ckunpensated A-o. Series Motor 
factor for the armature cir¬ 
cuit a compensating winding is required (see Fig. 161). The 
compensating winding is magnetically opposed to the annature 
winding with the result that the total reactance of the armature 
and compensating winding combined is small. 

The commutation difficulties are overcome by connecting the 
commutator segments to the annature coils through resistance 

leads (see Fig. 162). The resist¬ 
ance leads serve the double pur¬ 
pose of reducing the short-circuit 
current in a coil undergoing com¬ 
mutation and at the same time 
decrease the rP losses due to com¬ 
mutation. The total load current 
flows through several resistance 
leads in parallel; but the short- 
circuit current flows through two 
resistance leads in series. The 
added rP losses in the resistance 
leads due to the load current is 



BeslBtanceLeadi 


Load Currant 


Fiq. 152.—^Resistance Leads 
Improving Commutation 


for 


more than offset by the reduction in the short-circuit rP losses. 

176. Voltage Drop-Current Vector Diagram for an A-C. Series 
Motor (Fig. 163).—^The total impressed voltage on an a-c. series 
motor may be expressed by the relation: 

Y^(B+3X)I+J^ 
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where jB=resistance of field winding+resistance of compensating 
winding+resistance of armature winding 
Z=»total fidd reactance+compensating winding leakage 
reactance+armature leakage reactance=a?/+aJo+aJo 

and 

£f=armature rotational voltage. 


The drop due to the armature rotational voltage is practically 
in phase with the armature current for the reasons that the field 
flux is nearly in phase with the armature current and that the 

flux cut by the armature conductors 
is large when the field flux is large. 

An examination of Fig. 153 
shows that the power factor at 
which an a-c. series motor operates 
depends on the constants of the 
motor and on the speed of the 
Fig. 163.—^Vector Diagrcun for motor. At starting, the rotational 
an A-c. Series Motor e.m.f. is zero and the power factor 
is low. As the speed increases 
the power factor gets better and better, but on account of the 
field reactance it must alwa 3 rB be less than unity. 



PROBLEMS 

1. A 4-pole, 60-cyol6, Bingle-phase induction motor is operated at a speed 
of 1760 r.p.m. Calculate the frequencies of the voltages induced in its rotor 
ivinding. 

S. The induction motor specified in Problem 7—Chapter Xlll is operated 
with one of the line wires disoonnected. The line voltage is 110 vdts and 
the frequency is 60 cycles, (a) Calculate the maximum theoretioal torque 
(rotor shortKorcuited) and the corresponding speed of the motor, (h) Calcu¬ 
late the power factor and the line current for the conditions in part (a). 
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Single-phase loads when supplied by a pol 3 rphase generator 
have a tendency to unbalanoe the voltage, and the ourrent output 
of the generator. The magnitude of the unbalanoe depends on 
the nature of the single-phase 
load and on the constants of the 
generator supplying the load. 

Unbalanced phase voltages and 
phase currents are undesirable for 
they prevent the utilization of the 
rated capacity of the generator. 

The phase voltages and cur¬ 
rents of a polyphase generator 
may be balanced by connecting 
in parallel with it a machine 
known as a phase balancer. The 
phase balancer receives power 
from the phases of the generator 
which are under loaded and de¬ 
livers power to the phases which 
are over loaded. The power 
transfer takes place in a machine 
very aimilar to an ordinary syn¬ 
chronous motor. In fact any 
pol 3 ^hase motor acta more or less 
like a phase balancer. 154 —Diagram Showing that an 

It is well known that an unbal- Unbalanced Three-phase Load Gom- 
anced load connected in parallel bined with a Balanced TThree-phase 
with a balanced load in which the May 

phane rotation of the currents is Balanced Lo>d 

different may result in a balanced load. Thus in Fig. 154 the 
addition of the unbalanced feeder currents Ifi, I/a, and I/a to the 
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ourrentB In, la, and la of opposite ph^ rotation 
results in. balanced generator currents /'«, I't», and Jf'^. 

The complete phase balancer consists of two synchronous 
Tyio/ihinaa ■with their rotors fastened to a common diaft and wilh 
their stator -wiiidinga connected in series. One of the machines is 
AoaignAfl for full line voltage and is large compared to the second 
TTion>iiTiB which is designed for a much lower voltage. The two 
are connected unsymmetricaUy; i.e,, they produce torques 

in the opposite di- 
rections. In actual 
operation the large 
machine acts aa a 
motoivgenerator and 
the small one as a 
synchronous generar 
tor. 

By proper field 
excitation of the two 
machines of the bal¬ 
ancer it is possible 
to make the balancer 
take approximately 
balanced currents 
from the bus-bars 
and of phase rotar 
tion opposite to 
that of the bus-bar 
voltages (bus-bar to neutral) or the unbalanced feeder cur¬ 
rents. The windings of lJb.e balancer are conneoted as shown 
by Fig. 165 

The currents in the three phases of the balancer may be 
expressed by the following equations: 
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where the symbol V represents the impressed voltage (bus-bar to 
neutral), JS, represents the excitation e.m.f. of the large mRcbina 
and jE{ the excitation e.m f. of the Hmall machine. 

The equations ^ow that the current input to a phase of the 
balancer consists of two components, one BiTnilnr to the ourr^t 
input to a synchronous motor and 
one similar to the current in a 
short-circuited generator. The equa¬ 
tions also show that the currents 
1 , 1 , 1 , 2 , and 1,3 have the same phase 
rotation as the bus-bar voltages 
while the currents la, la, and la 
have the phase rotation of Sa, 

Ea, and Ea which is opposite to 
that of Vi, Vi, and Vs. A vector 
diagram lowing the phase relar 
tions between these quantities is 
given in Fig. 166. 

By proper excitation 'of the large machine it is possible to 
make the currents I,i, la, Ls vaiy small and then 



Eta. 166.—^Vector Diagram of 
Fhaae Balancer 


Ii=Ia 


h=I a (approximately) 

The inverse current required to balance an unbalanced three- 
phase load may be calculated by the following method: 

Given: Ifi and I/s, the currents in the two feeders of the un¬ 
balanced three-phase load. (The current in 
the third feeder is readOy calculated.) 

0 / 1 =an^e by which J/i lags or leads the voltage 
Vi (the voltage between bus-bar No. 1 
and the neutral); 

0 / 3 =the an^e between I/s and Vs. 

From Fig. 166 it follows that 


J'ai =-jOi+/«+/f 1 

(4) 

/pa =-f/a +/i3+/i2 

(6) 

/p8 = //3 ++/t8 

(6) 
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Let • 

and let 


(7rt “T*i) “ Vn — 

(Jta —/«a) 



(7) 

( 8 ) 

(9) 


(The product of p and the symbolic expression for a vector results 
in the symbolic expression for an equal vector 120 degrees ahead 
of the ori^nal vector). 

From Fig. 164, it is apparent that 

= ( 10 ) 

and 

Ia=pln (11) 

Multiplying equation (7) by p®, we obtain 

P®7'rt5=p®7/i+p®/<i (12) 

and substituting the proper values in (8), we obtain 

P®7'rt=//a+p/<i (13) 


From (12) and (13), we obtain 


(p*~p)7a= —p®I/i+//s 
and 

- 7 ^ - 

V3 


(14) 

(16) 


Equation (15) enables one to calculate the value of the inverse 
current required to balance the generator output. 

The vector diagram, Fig. 167, shows how the value of Ju and 
I'n may be obtained graphically. 

The actual generator current is obtained by adding T,i and 
I.i; i.e., 

Itl — Vfi "i"'?*! (16) 

The value of the inverse current is controlled by the excitation 
of the s m a l l machine. li^m equation (1) it is apparent that the 
exdtation required on the small unit may be c^culated by the 
relatioiL 


(17) 
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where Z is the phase impedance of the windings of both machines 
in series. The relation shows that the purpose of the htyirII unit 
is purely to overcome the impedance drop due to the inverse 
current. 

The phase position of the current In with respect to the bus-bar 
voltages is changed by changing the phase position of the excitsr 
tion voltage En. To accomplish this the rotor of the RmRll 
machine is provided with two field windings 90 electrical space 
degrees apart. By adjusting k v, 

the relative excitations in 
the two windings it is pos- *i \ 

sible to control the phase I 

of the excitation e.m.f. of 
the generator element of the 
balancer. 

The power input to the 
balancer must be sufficient 
to supply the total losses. 

In a three-phase machine 
the total input is cos 
where V is the phase 167. — Graphical Method for Obtain- 

voltage, J, the component Inverse Current Required to 

of the cuirent which has Bailee the Output of a Generator 

the same phase rotation as the bus-bar voltages, and cos da the 
phase power factor (0, is the angle between V and of a given 
phase). 

The power input due to the inverse components of the current 
is 

yilii cos ^i+F 2/<2 COB (120+^i) + ^8/i8 cos (120— 

The copper loss due to the inverse currents is 3rl<^ and is 
supplied by motor action in the large machine. 



PROBLEMS 

1. Two balanced three-phase loads A and B are connected in parallel to 
the terminals of a three-phase g:enerator. Load A requires 100 amperes 
(line current) and the phase rotation of the currents is the same as that of the 
generator voltages. Load B also requires 100 amperes (line current) but in 
this cose the phase rotation of the currents is opposite that of the generator 
voltages. The phase rotation of the generator voltages (hne to neutral) is 
Fio - 7io — Vao. The line current in phase 1-0 of the generator is 200 
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amperee. (a) Caloulate the ourrenta in the other phases of the generator, 
(b) Construct a vector diagram showing the voltage and current relations. 

2. A certain phase-baJancer is used for balancing the output of a three- 
phase generator. The generator and the balancer are connected to bus-bars 
numbered 1, 2, and 3. Three feeders Aj B, and C, supply the total load and 
are connected to bus-bars, 1, 2, and 3, respectively. The current in feeder A 
referred to the bus-bar voltage from bun-bar 1 to neutral is 100 + jll5 amperes; 
the current in feeder B referred to the same voltage is ^ 210 + j70 amperes, 
(a) Caloulate: (1) the current in feeder C; and (2) the value of the inverse- 
phase rotational current required to balance the generator output. (&) Cal¬ 
culate the relative capacities of the motor and the generator elements of the 
balancer. Assuine the total power loss in the balancer 10 kw. and the Y-phase 
voltage (bus-bar to neutral) 1320 volts. 
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MEASURING INSTRUMENTS 

177. Selection of Meters for a Given Test.—Since the torque 
developed in the indicating element of practically all a-o. 
meters is a function of the square of the current in its coils and 
a function of the location of the indicating element with respect 
to the stationary element, it follows that the scale of these meters 
is non-uniform. The points of division are usually crowded more 
at the ends of the scale than at the middle. The probability 
that a given instrument is accurate when its indication is near 
the lower end of the scale is not very great. For this reason the 
meters for a given test should be so diosen that deflections well 
up on the scale are obtained. One very good way for overcoming 
part of this difflculty is to use S-ampere ammeters and wattmeters 
in connection with a variable ratio current transformer. Of course 
when very accurate measurements are required it is necessary to 
malfft the proper corrections in the indication of the instruments 
by obtaining the correct values from their calibration curves. To 
correct for errors due to instrument transformers see Article 67. 

178. Arrangement of Meters.—The meters used in a given 
test must be so arranged that their indications are not influenced 
by stray magnetic fields. Iron vane instruments of the unshielded 
type may be made to indicate appreciable values when located 
near coils or conductors carrying currents even though there is no 
electrical connection to the terminals of the meters. 

The best way to prepare for a given test is to first locate the 
meters in a respectable place where they may be easily read and 
then rrm-lfft the necessary electrical connections. In other words, 
inn-lffl the cormecting leads suit the location of the meters and do 
not Tna.TrB the location of the meter suit the length of wire which 
happens to be the next piece. 

When the coils of a meter are properly shielded (enclosed in 
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an iron diell) leas precaution is necessary in the relative looatio 
of the meters, hut precautions must be taken just the same, for 
is not always posable to tell from the outside appearance of tb 
meter wheiJier it is properly shielded or not. 

179. Icon Vane T^pe of Meter.—^The essential parts of th 
lype of meter are ^own in Fig. 158. An iron vane attached 1 

^ . '* Paintar^ the indicating element < 

the meter is located in tl 
magnetic axis of a fixe 
coil. When no currei 
flows throng the coil ti 
iron vane assumes a poe 
tion as ^own in the figur 
When current flows throuj 
thecoiltwo opposed torqu 
act on the indicating el 
ment. One of these torques is due to the spring, and ti 
other is due to the magnetic forces acting on ^e vane. TI 
pointer Mfwn-mfta a position where the driving torque and ti 
opposing torque are equal. This is a good type of inexpensi' 
meter, but if unshielded 
it is very susceptible to 
the influences of stray 
magnetic fields. 

180. Electrodynamo¬ 
meter Type of Watt¬ 
meter.—^In this type of 
meter two coils are used. 

One of the coils is fixed 
in position and the other 
is mounted on the tiraft 

of the indicating element. _ 

The movable coil is 1^ 169.— Bleotrodynamometer Type of 

c&tsd in tli6 iTifl i gn Btic Wattmoter 

field of the fixed coil. 

The meter tiiown in Fig. 159 is of this type. In this particul 
instrument the fixed coil is designed to carry the total line ourrei 
The movable coil is wound with fine wire and is connected 
series with a high resistance (located in the same case as t 
meter) directly across the line. 


Pdntor 




Load 


Fig. 168.—^Iron Vane Typo of Meter 
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181. Ia4uctIoii Ammeter.—In this type of meter the torque 
acting on the indicating element is produced in the same way as 
the torque acting on the rotor of an ordinary polyphase induction 
motor. Thus in Fig. 160, which represents an induction ammeter, 
the two alternating fields 4>if and <l>a produce a revolving magnetic 
field which exerts a torque on the indicating element. 

The fiuz <l>u is produced by the current in winding A and 
corresponds to the mutual flux in an ordinary power transformer, 
while the flux <^b may be considered as a part of the secondary 

2^ O- 



winding leakage flux. Due to the tjrpe of magnetic circuit the 
mutual flux is almost directly proportional to the current in A. 
The e.m.f. induced in B due to the mutual flux lags the mutual 
flux by 90 degrees and the current set up in this winding lags the 
e.m.f. by an angle which is determined by the constants of the 
winding. The flux 4>b is nearly in phase with the current in B. 
It follows that the time phase difference between the two fields 
depends on the constants of winding B and may be made roughly 
90 degrees. Since the two fields are 90 electrical space degrees 
apart and are not in time phase it follows that a revolving mag- 
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netic. field is produced. The torque on the mdicatmg dement 
depends on the product of the revolving field and the rotor reaction 
field and smce both of these fields are proportional to the current 
in -4. it follows that the torque exerted on the indicating element 
of an induction ammeter depends on the square of the line current. 

182. Induction Wattmeter (Fig. 161).—^The magnetic circuit 
and indicating element of this meter are similar to those in an 
induction ammeter. Three coils are required. The potential 
coil A has a high impedance and is connected in series with a 
reactor. Coil C is designed to carry an appreciable current and 



corresponds to the current coil in an ordinary wattmeter. The 
auxiliary coil B is required to obtain the proper time phase rdation 
between the two fidds <I>m and <l>o* 

The fiux represents the mutual fiux of coils A and B and 
is determined by the current in A ; that is, it depends on the voltage 
impressed on the potential drouit. The flux ^ is proportional to 
the current in C and is therefore proportional to the line current in 
the circuit of which the power is measured. 

To obtain correct meter indications when measuring the power 
of a unity power factor load it is necessary that the fluxes <I>m 
pnd <l>c be 90 degrees out of phase—pgnsult a bopk on “Electrical 
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Meters.” The flux ^ is in phase with the line current and is 
therefore in phase with the line voltage at unity power factor. 
The position of iI>m with respect to the impressed voltage on the 
potential circuit depends on the power factor of the diort-cirouited 
winding (B). By adjusting the constants of B (see Pig. 163) 
it is possible to make the impressed voltage (line voltage) and the 
mutual flux (^jr) 90 degrees out of phase. If the adjustment 
outlined is properly made the two fields <t>it and <j>a produce a 
torque on the rotor which is proportional to the true power in the 
circuit. (The reader should review the theory of the transformer.) 

183. Induction Watt-hour Meter.—^The principle of operation 
of this type of meter is BimUar to that of the induction wattmeter, 



but in this meter the indicating element rotates continuously at a 
slow speed and registers the power over a definite interval of time. 
Four coils are required (see Mg. 162). Coils A, B, and C perform 
the same function as the corresponding coils in .the induction watt¬ 
meter and boil D (a one-turn coil) is required to compensate for the 
friction in the bearings and gearing of the indicating element. 

Coils A and C produce magnetic fields whose resultant shifts 
in one direction across a circular aluminum disc which is attached 
to the main shaft of the indicating element. A torque results 
which turns the disc in a definite direction. The speed of the 
disc is retarded by permanent magnets (drag magnets) whose 
magnetic fields cut across the diec, 
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The driving torque exerted on the indicating element at any 
instant is proportional to the power at that instant provided, the 
resultant flux ^2 across the disc due to the coils A and B and the 

impressed voltage on the poten¬ 
tial circuit are 90 electrical time 
degrees apart—consult a book on 
^^Electrical Meters.” The proper 
phase relation may be obtained 
by adjusting the resistance (lag 
adjustment) of coil B. Fig. 163 
shows how the proper phase rela¬ 
tion may be obtained. The cur¬ 
rent I 21 depends on the imped¬ 
ance of winding B and Ji depends 
on I 21 . When the proper value of 
J 21 is obtained the leakage imped¬ 
ance drop of the potential circuit 
combined with the counteivvolt- 
age drop Ei results in a vokage which is 90 degrees ahead of the 
useful flux 02 . 

The friction adjustment is made by moving coil D across the 
face of the potential lug (P) imtil the disc is just on the point of 
turning in the positive direction when the current in coil C is zero 
and that in A has its nor¬ 
mal value. The principle 
of operation of this adjust¬ 
ment is the same as that 
for the shaded pole single- 
phase induction motor; 
the displaced coil causes a 
magnetic field to shift from ^ 
the unshaded to the shaded 
portion of the potential 

lug and thereby a slight ---—----0 

torque is exerted on the Fig. 164.— Induction Frequency Meter 
aluminum disc. 

184. Induction Frequency Meter.—The main parts of this 
instrument are shown in Fig. 164. Two shaded-pole electro¬ 
magnets are required. One of the electromagnets is connected in 
series with a high resistance directly across the line and the other 




Fig. 163. —^Vector Diagram Show¬ 
ing How Lag Adjustment May 
be Mode 




frequency meter 
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is suppKed through an inductive reactance from the same line. 
The magnetic field of each electromagnet shifts from the unshaded 
to the shaded area and cuts- the disc of the indicating element. 
Two opposed torques are produced. The disc is so shaped that 
when the torque due to one of the electromagnets is decreased 
the disc moves to a new point where the respective torques balance. 
If for a given impressed voltage the frequency is higher thun nor¬ 
mal, the current in electromagnet A will be relatively higher tha Ti 
that in B and the torque due to A will be greater than that due 
to B with the result that the disc moves to a new location where 
less area of the disc will be under the influence of A. If the fre¬ 
quency is lower than normal the disc moves to a new location in 
the opposite direction. 

186. Vibrating Reed Frequency Meter.—One common type of 
frequency meter consists of a bank of steel reeds each one of which 
is tuned to mechanically 
vibrate at a given fre¬ 
quency (see Fig. 165). 

The mechanical vibration 
is set up by an electro¬ 
magnet E which is po¬ 
larized by a permanent 
magnet Af. The electro¬ 
magnet is connected in 
series with a high resist¬ 
ance to the source of Fiq. 105, — ^Vibrating Reed Frequency Meter 
which the frequency is 

desired. On account of the permanent magnet, every positive 
half of the current in the electromagnet results in a mechanical 
impact on all the reeds in the instrument with the result that 
the reed which is mechanically tuned to the frequency of the 
alternating-current vibrates with the greatest amplitude. 

186. Synchroscope.—See Article 97. 

187. The Thomson Resistance Bridge.—When it is necessary 
to know the ohmic resistances of the windings on electncal 
machines it is sometimes necessary to make measurements of 
resistances which have a very low value. Probably the best way 
to make such measurements is to use a Thomson Bridge (see 
Fig. 166). The ratio arms AA and BB are so adjusted that a 
small change in the known resistance K results in a radical change 
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>he galyonometer deflection. The current through the circuit 
old be aa high as the bridge permits, but it should not be so 
1 as to change the value of the resistance X while the necessary 


|^|l [ 



ustments are made. The values of A, B, and K are observed 
an the galvanometer indicates zero and the unknown resistance 
y be calculated by the relation 

A^ 
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MACHINERY LABORATORY PROBLEMS 

1. Obtain, using an oscillograph some of the following wave shapes: 

(a) Volta^ across an aiiMsore reactor and the current through the 
reactor. 

Q>) Voltage across an iron-core reactor and the current throuc^ the 
reactor. 

(c) Voltage across a condenser and the current through the condenser. 

(d) Impressed voltage, anode current, and load current of a rectifier. 

(c) Output current of a d-c. magneto. 

(/) Voltage and current of an a-o. arc lamp. 

(g) Terminal voltage, Md current, and armature current of a sin^ 
phase alternator. 

(h) Repeat (g), using a polyphase generator connected to a balanced load. 

Qive reasons for the shaites of the waves obtained in each case. 

2 . Obtain the wave shapes for the impressed voltage and the no-load 
current of a power transformer. 

Give reasons for the shape of the exciting current wave. 

Analyse the wave of current for the fundamental and all harmonics up to 
and including the 6th. 

Why is it possible to r^resent the no-load current of a transformer by a 
single vector of constant magnitude on a vector diagram? 

8 . Connect the secondary winding of a power transformer in series with 
lamps and a high inductive reactance to a source of direct-current. (The 
purpose in doing this is to obtain magnetism, corresponding to residual 
magnetism, in the core.) Connect the primary winding of the transformer 
to a source of alternating-current and obtain the wave shape of the primary 
current. 

Give reasons for the shape of the current wave. 

Anal 3 rze the wave for the even harmonics. 

A Determine the total inductance of on ain-oore reactor. Make several 
measurements using the same frequencies but radically different values of 
current 

Explain why the values for inductance do or do not agree. 

W^t factors influence the accuracy of your measurements? 

6 . Determine the total inductance of an iron-core reactor. (One of the 
windings of a power transformer may be used.) Make several measure me nts 
lining the same frequencies but radically different values of current. 

Explain why the values for ioduotanoe do or do not agree. 

257 
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6 . For a given freqpienoy measure the power input and the power factor 
of a leaJcy condenser. 

Calculate the value of a pure lesietanoe and a pure o&p&dty which when 
connected in series are equivalent to the leaky condenser at the given fre¬ 
quency. 

Calculate the value of a pure resistance and a pure capacity which when 
connected in parallel are equivalent to the leaky condenser. 

7. Connect an air-core reactor and a condenser in series to an aro. supply. 
(The current throu^ the drcuit must not exceed a value furnished by tl^ 
instructor.) For an approximatdy constant impressed voltage determine a 
curve ^wing the relation between impedance and frequency. (The voltage 
across certain parts of the oirouit may be very high and great core miist be 
taken in Tnaking the zheasurements.) 

What is the significanoe of the impedance curve? 

Construct a complete voltage drop-current vector diagram for the condi¬ 
tion of minimum impedance in the circuit. 

8 . Connect an air-core reactor and a condenser in parallel to on are. supply. 
Determine a curve showing the relation between impedance and frequency. 

What is the significance of the curve? 

Construct a complete voltage drop-current vector diagram of the circuit 
for the frequency at which the impedance is a Tna-giTmiTn. 

9. Given a circuit of uxiknown constants looked in a box. Determine by 
measurements, the values of a pure resistance, pure inductance, and pure 
capacity which, when properly connected, form a circuit approximately equiv¬ 
alent to the one in the box. 

What errors are likely to be made in the measurements of the constants 
and the form of the oirouit? 

10. Determine by means of a phase meter or an oscillograph the voltage 
relationB in a balanced Y-conneoted load. Prove by nmng the some instru¬ 
ments that in a balanced three-phase unity power factor load the line current 
and the line voltage are not in phase. 

Explain in your report how these phase rdations were actually measured. 

11. By me a ns of a phase meter or an oscillograph determine the relative 
phase rotation of two independent three-phase systems operating at the some 
frequency. 

12. Measure the power and the power factor of a three-phase induction 
motor at no-load and at full-load. In malriTig the measurements use the 
following methods: 

(a) Three wattmeter method. 

(&) Two wattmeter method. 

(c) Single wattmeter method with a Y-box. 

(All meters should be connected in the oirouit in such a way that the three 
methods may be checked sunultoneously.) 

Compare the results and explain why they do or do not check. 

18. (A) In the two wattmeter method for measuring power determine 
experimentally whether the meter indications must be added or subtracted. 

(B) For a given load note the effect on the indication of the two watt¬ 
meters when the phase rotation of the generator voltages is changed. 
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(C) By meana of an oeoillograph or a phjaae meter determine the phase 
zelations between the ouirent and voltage of each wattmeter. 

Draw complete voltage-^surrent vector diagrams for parts (A) and (B). 
Explain fully what assumptions you made. 

14. Note the effects of stray magnetic fields on the indications of various 
aro. meters. The stray fields may be produced by a coil which is excited in 
the following ways: 

(a) Direot-ouirent. 

(b) Alternating-current having the same frequency as that of the current 
m the drcuit to which the meter is connected! 

• (c) AltematingcurTent of ifii^tly different frequency than that in (b). 

(d) Alternating-current having radically different frequency than that 
used in (b). 

(In the observations the meters should be located in a place where 

the stray fiidd has the maximum effect.) 

Explain the results obtained. 

16. Connect an air-core reactor in serieB with a variable resistor to a con¬ 
stant voltage, constant frequenpy supply. Obtain the locus of the current 
when the resistance is varied from sero to a high value. 

The curve obtained should be a circle whose diameter lags the voltage by 
90 time degrees. 

Give reasons for the shape of the actual curve obtained. 

16. Connect a resistor in seriaa with a variable aiivoore reactor to a con¬ 
stant voltage, oanstant frequency supply. Obtain the locus of the current 
when the resistance of the drcuit is constant and the reactance varied from 
sero to high value. 

The curve obtained should be a drole whose diameter is in phase with the 
voltage. 

Give reasons for the shape of the actual curve obtained. 

> 17. Determine by direct test the voltage ratio and the approximate turn 
ratio of a power transformer. ^ 

See A. I. E. E. Standardisation Rules in regard to these ratios. 

\^18. Given a power transformer. Measure: 

(a) Self-induotanoe of windings. 

(b) Mutual inductance between the primary and the secondary windings. 

(c) Turn ratio. 

Cdculate the leakage induotances of the primary and secondary windings. 

What errors are likely to be made in determining the inductance of a wind- 
ing?, 

^\yl9. At constant frequency determine curves showing the relations between 
impressed voltage and no-load current and the impressed voltage and core-loss 
of a power transformer. The voltage must be varied over wide limits includ¬ 
ing points well above and below the rated voltage. 

Give reasons for the shapes of the curves obtained. 

' 20. At constant voltage determine curves showing the relation between 
impressed frequency and no-load current and between impressed frequency 
and core-loss of a transformer. The frequency must be vaned over a wide 
range. 
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Give reasons for the shapes of the curves. 

21 . Determine by test the polarities of all the windings on a transformer. 
See A. I. B. E. Rules In regard to the proper way for marlring the leads of 

a transformer. 

22. Determine by actual load tests (record temperatures)- the voltage 
regulation of a power transformer dehvering power to the following loads: 

(o) Unity power factor rated kv-a. load. 

(b) Hi^ly inductive rated load. 

(c) Highly oondenaive rated load. 

Since the voltsige regulation of a power transformer is usually Htnallj great 
care must bo taken in measuring the voltages. 

Explain your results in detail. 

^ 28. Detennine by actual load tests (record temperatures) efficiency-load 
curves for a transformer operated at rated seconds^ voltage and frequency 
and supplying the following loads: 

(a) Approxiinately unity power factor load. 

(b) A 50 per cent lagging power factor load. 

It may be advisable to use a power faoior meter in part (b). 
i 24. Measure the no-load and the load losses (record temperatures) of the 
transformer specified in Problem 23. See A. I. E. E. Standardization Rules 
in regard to the method for measiiring these losses. (Note lhat low range 
ammeters and ourrent coils of wattmeters must be protected by a short- 
circuiting switch.) 

On the basiB that input — output + losses calculate the efficiency of this 
transformer for rated unity power factor load. Assume that the operating 
t^perature of the transformer is the same as that measured in Problem 23. 

V 25. (A) Short-circuit the low-voltage winding of a transformer and mea¬ 
sure its impedance on the high-voltage side. Obtain the impedance for many 
values of ourrent ranging between i to 5 times the rated current of the high- 
voltage winding. The impedances must be measured at rated frequency. 

Plot the foUcrwing curves: 

(a) Equivalent resistance against current input. 

(b) Equivalent leakage reactance against current. 

(c) Equivalent impedance against current. 

(B) Short-circuit the high-voltage winding and measure the equivalent 
impedance and equivalent resistance of the transformer referred to its low- 
voltage winding. Plot curves similar to those in (a), (b), aild (c), of part (A). 

(C) Measure the turn ratio of the transformer. 

Calculate the following ratios and compare them with the turn ratio of the 
trensfoimer: 

(a) The ratio of the equivalent impedances measured on the hi^- 

voltage and the low-voltage sides of the transformer. 

(b) The ratio of the equivalent resistances. 

(c) The ratio of the equivalent leakage reactances. 

/Esqplain your results. 

V f 26. (A) Determine by measurements the constants of the exactly equiv¬ 
alent circuit of a transformer referred to its low-voltage winding. (Record 
temperatures.) 
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(5) Meaevtire ihe voltage required aoross tlie high-voltage winding, 
necessary to obtain rated voltage across the low-voltage winding when the 
low-voltage winding delivers rated current to a non-reaotive load. (Record 
temperatures.) 

Using the exactly equivalent drouit obtained in part (A) calculate the 
voltage required across the hi^voltage winding of the tranafonner when the 
low-voltage winding delivers rated current at rated voltage to a non-reaotive 
load. Compare these results with those obtained in (R). (Note the con¬ 
stants of the circuit must be referred to the temperature obtained in (R)). 

(C) Betennine the constants of the approximately equivalent circuit for 
the transfonaer ref^red to the low-voltage winding. On the basis of this 
circuit odeulate the voltage required across the high-voltage winding when the 
low-voltage winding is operated under the same conditions of load as specified 
above. 

i^plain your results. 

yylKT. Using the approximately equivalent circuit determined in Ftoblem 26, 
calculate the voltage regulation of the transformer by the A. 1. £. E. method 
for: 

(a) Unity power factor rated fcv-^ load. 

(6) An 80 per cent lagging power factor rated kv>^ load. 

(c) An 80 per cent leading power factor rated kv-€L load. 

28. Determine the magnitude of the mor made due to the phase angles 
of mstrument transformers in measuring the power and power factor of the 
following loads requiring approximately 100 watts each: 

(а) Highly inductive lo^ 

(б) Highly condensive load. 

(c) Unity power factor load. 

20. The all-day load requirements on a transformer axe as follows: 

0.6 kilowatt output for 4 hours; 

1.0 kilowatt output for 11 hours; 

3.0 kilowatt output for Ihour; 
and 0.0 kilowatt output for 8 hours. 

Transformers No.-or No.-may bo used to supply the load. 

Determme by short-cut methods of test which one of the two transformers 
will give the best operation. 

Explain in detail your method of determining the proper transformer for 
supplying this load. 

\^hat assumptions did you make? 

I 80. By means of two transformers properly wound for the T-connection 
(Scott connection), transform two-phase to three-phase power (or vice versa) 
The three-phase load should be nearly balanced. Measure the currents, 
voltages, and power factors of the circuits. 

Construct a complete voltage-current vector diagram for the primary and 
B^con’daiy windings of the transformers. 

31. Connect two transformers in open-delta to a balanced three-phase 
supply and a balanced thi'ee-phase load. Measure the voltage and currents 
in the windings and dctcimine their phase relations. 
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Construct a voltage-current vector diagram showing the relations between 
the voltages and the currents the windings. 

Calculate the power output of each transformer. 

V 32- Transform from three-phase to six-phase by the following methods: 

(a) Three transformers connected in double ddta. 

(b) Three transformers connected in double Y. 

(c) Three tranaformeiB connected diametrically. 

Give diagrams showing how the six-phase voltages are obtained in each 
cas^ 

(A) Determine by short-cut methods of test whether it is possible to 
operate tranafoimers No.--and No.-in parallel. 

(B) Actually operate the transformers in parallel and measure the voltage, 
current and power of each winding for different values of load. 

Ebiplain the method used in (A). 

Explain the rwlts obtained in (B). 

How is it possible to make these transformers share the load properly? 

84. Adjust the Md current of a siagle-phase ar-o. generator so as to obtain 
at no-load and at rated speed, 125 per cent rated name plate voltage. With 
the field current and the speed constant obtain curves showing the relation 
between terminal voltage and armature current for: 

(a) Unity power factor loads. 

(b) Ei^ty per cent lagging power factor loads. 

(c) Eighty per cent leading power factor loads. 

A phase or power factor meter should be used in determining the power 
factor of the load. 

Give reasons for the shapes of the curves obtained. 

85. Obtain by simultaneous measurements of the input and useful output 
of an aro. generator its effidenoy at rated armature current, rated voltage, 
and rated speed for: 

(a) Unity i>ower factor load. 

Q}) Eighty per cent lagging power factor load. 

(c) Eighty per cent leading power factor load. 

Measure Hie resistance and temperature of the armature and fidd winding^, 

In this test, assume that the rated current is independent of the power 
factor of the load and that it is equal to the current calculated from the name 
plate rating. 

86. Determine the conventional effidenoy of the alternator in Problem 35 
for the loads specified in the problem. Before an attempt is made to do this 
test, the student must read the A. I. E. E. Standardization Rules in regard to 
the method for determining the conventional effidency. The following 
quantities ore required: 

(a) Field and armature resistances. 

db) A curve showing the relation between core-loss and speed at constant 
rated field current. [The rated field current is the current required to give 
rated armature terminal voltage + BI (armature resistanoe drop at rated 
armature current) at no-load and at rated speed.] 

(c) A curve showing the relation between friction (bearing, brush, and 
windage) and speed. 
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(<2) A curve showing relation between stray-load losses and armature 
ounent at rated speed. 

87. In this investigation a three-phase armature winding having (six) 
terminals brouj^t out to a terminal board is required. The stator of a three- 
phase motor with its rotor removed may be used 

(a) Determine the location and the number of magnet poles formed by 
the armature current when phase 1 is excited by 10 amperes d-o. Mark the 
terminal through which the current enters the phase positive. 

Q}) Repeat (a) when phase 2 is excited by d-o. 

(p) Repeat (a) when phase 3 is excited by d-o. 

(In a three-phase machine when the phases are excited by direct-current 
and in the prox>er sequence the magnet poles advance aroimd the armature 
in a certain direction and a distance of 120 electrical space degrees for each 
change in excitatiozL) 

(d) Using the results obtained in parts (a), (6), and (c), determine the 
proper way for connecting the windings in Y and delta. 

( 0 ) Connect the phases in Y and connect the terminals to a balanced 
three-phase supply. Esplore the magnetio field. 

(f) Repeat (0) with the phases connected in delta. 

(s) Reverse the phase rotation of the exciting source and note the effect 
on the magnetic field. 

88. Make a thorough study of the A. I. E. E. Standardization Rules in 
regard to the methods for detennining the voltage regulation of alternators. 

(A) Determine by actual test the open-ovouit saturation curve and the 
zero power-factor full-load saturation curve for a polyphase alternator. 

(B) Determine a curve showing the relation between the armature short- 
circuit current (all phases must be ahort-cucuited) and the field current. 

(CO Determine by direct test and by the A. 1. E. E. method the voltage 
regulation of the alternator for the following loads: 

(a) Unity power factor rated kv-a. load. 

(&) Ninety per cent lagging power factor rated kv-a. load. 

(c) Ninety per cent leading power factor rated kv-a. load. 

89. (A) Determine with synchronizing lamps the relative phase rotations 
of two synchronous machines which are to be operated in parallel. 

(B) By actual tests familiarize yourselves with the following methods of 
synchronizing polyphase synchronous machines; 

(a) Synchronizing lamps so connected that they are dark when exact 
synchronism is obtained. 

(c) S3mohrosoope. 

(d) Induction motor action. 

Give a thorough e 3 q>lanation of each method. 

40. (A) Operate an alternator in parallel with the laboratory source of 
aro. power. It is assumed in this problem that the alternator is driven by an 
ordinary d-c. motor and that the voltage and frequency of the a-c. power 
are determined by a large generator supplying the laboratory. Obtain read¬ 
ings for armature current, field current, and voltage of the motor and the 
generator for the following loads on the alternator; 
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(a) PuU4oad cnirreiit at unity power factor. 

(o) EhalHoad cmrreiit at 70 per cent lagging power factor. 

C«) Full-load current at 70 per cent leading power factor. 

* ^ given field current (say the field current in (a)) of the alternator 

« \ 1 *'* showing the relation between the alternator output and the 

U5 cl ourrent of the driving motor. 

\C) For^ a given field current (say the field current in (a)) of the driving 
motor obtain a curve showing the relation between the power factor bf the 
II tornatior and the field current of the alternator. 

reasons for the results obtained. 

41. Load two alternators in parallel. Maintain constant rated voltage 
anil frociiienoy and obtain meter readings (field current, armature current, 
unci voltage of each driving motor and alternator; power output of each 
ttltomator, and the total output; and frequency) for the following loads: 


(«) Full non-reactive load current on each alternator. 

(h) Full non-reactive load current oh one alternator, and zero load cur¬ 
rent cm the otlier. 

(c) Full 80 per cent leading power factor load current on one alternator 
anti full-load current on the other. (A non-reactive load must be used and 
trho proper power factors must be obtained by adjustments of the field cui^ 
rents.) 

lOxplaiu in detail the results of the teat. 

42. Operate an a-o. generator at rated speed. Adjust the generator field 
iturreni ho as to obtain 115 per cent rated terminal voltage at no-load and 
koop tlio field current constant throughout the test. Determine by actual 
iiUfiiHuromonta the maximum 60 per cent lagging power factor (watt) load 
whicjh may bo supplied by the generator without exceeding the rated current 
of tho armature of the generator. (It is assumed m this test that apparatus 
Ik available for power factor correction.) 

In your report esplain m detail the results obtained. E3q)lain your 
method for determining the -maTiTTniTn load. 

48* Dotormine the various losses in an alternator uaing the retardation 
Tneihod. (See ^'Karapetofi’s Elxperiaiental Electrical Engineering” Seo- 
iums :{29-337.) 

44. Dotennine by various kinds of measurements the voltage, current, 
uiid power rating of an alternator. (See A I. E. E. Rules in regard to the 
rating of a-c. generators.) 

I0xj)lain your method for detennirdng the rating of the machine. 

46. (A ) Obtain V-curves for a synchronous motor at 0, i, J, and full-load. 
Opiinito the motor at rated voltage and frequency. In determining the 
points for a curve, keep the power output of the motor constant. 


From the V-curves obtain the compounding curve for unity power factor, 
(/f \ Make the necessary measurements for predetermining by calculations 
tho points on the V-ourves. 

llHiiig tho results obtained in (B) calculate the field current required on 
t.hf5 motor to obtain unity power factor at rated load. Compare this current 
witli that calcnilated in part (A). 
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4B, (A) Deteimixie by test the xeaGtive kv-a. eoadeDave load which must 

be connected in parallel with a - kilowatt highly lagging power factor 

load to obtain a resultant load haying 90 per cent lagging power factor. 

(B) Determine the most economical way for malriTig the power factor 
Gorrection in part (A). 

(C) Determine by test the reaotiye ky-a. condensive load required in 
part (A) to correct the power factor from 90 per cent lagging to unity. 

Under what conditions does it pay to correct the power factor of a cirouit 
from 90 per cent lagging to unity? 

4T. (A) Study by actual tests various methods for putting synchronous 
oonverteiB into operation. 

(B) Start a f^mchronous converter by induction motor action and obtain 
the correct d-c. polarity by “slipping a pole.” 

Explain in detail the perfpiinance of the converter in part (B). 

48. (A) Drive a synchronous converter from a d-c. source and measure all 
possible voltage ratios. 

Compare the measured voltage ratios with the theoretical ratios. 

Give a wiring diagram showing how the armature of the converter is con¬ 
nected to the slip'rings and the commutator. 

(B) Drive the converter from the a-c. end. Eieep the impressed a-c. 
voltage and frequency constant. Adjust the field current so as to obtain 
umty power factor for all loads. Obtain the following curves: 

(a) Efficiency plotted against current output. 

(h) Eield current plotted against current output. 

Explain the results obtained. 

(C) Connect reactors in series with the arc. leads and operate the con¬ 
verter in the usual way. Adjust the direct-current to } rated output (hold 
constant.) Obtain the following curves: 

(a) Slip ring voltage plotted against field current. 

(&) D-o. voltage plotted against field current. 

Explain the results. 

49. Obtain complete performance curves for a mercury vapor rectifier. 
Measure the voltages across the various parts of the rectifier. 

Explain results. 

50. Operate a polyphase induction motor and determine the following 
curves: 

(a) No-load current plotted against impressed voltage and no-load power 
plotted against impressed voltage. (Note the frequency must be kept 
constant.) 

(&) Efficiency, power factor, and slip curves plotted against horse power 
output. This test must be performed at rated voltage and frequency and 
with the rotor of the motor shoriKsircuited. 

(c) Repeat (&) with equal resistances connected externally in each rotor 
phase. 

E:iq)lain the results in detaiL 
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61. Make the neoeBsary measuiementa required to construct the cirole 
diagram for the motor tested in Problem 50. Construct the diagram and 
obtain from the diagram the curves specified in part (h), Problem 60. 

62. Operate the motor used in Problem 50 on one phase and determine 
the charactenstio curves. (All rotor phases must be short-oirouited.) 

Compare the curves with those obtained in Problem 50. 

68. Obtain the following curves on the motor used in Problem 50. 

(A) Starting torque plotted against impressed voltage at rated frequency. 
(Rotor short-circuited.) 

(B) Starting torque at rated impressed voltage and frequency plotted 
against rotor resistance. 

(C) Complete speed-torqiie curves at rated primary voltage and frequency 
for the following conditions: 

(a) Rotor short-circuited. 

9) Rotor resistance of such value that the maximum torque is obtained 
at starting. 

(fl) Rotor resistance too high for an appreciable starting torque. 

64. Operate the motor in Problem 60 on one phase and ^th the rotor 
short-circuited. Obtain at rated voltage and frequency a'complete speed- 
torque curve. 

Compare this curve with that obtained for polyphase operation in Problem 
53. 

66. Drive a synchronous converter by an induction generator. (The 
best way to get the machines in operation is tp run the converter inverted 
and start the induction generator as an induction motor from SrO. power 
supplied by the converter. The d-o. source to the converter may then be 
disoozmeoted and the driving motor of the induction generator will keep the 
Tinfl.nTiiTiftH runnii^f,) 

(A) Determine by actual test what factors determine the frequency of the 
current. 

(B) Determine by actual test what factors determine the terminal voltage 
of the induction generator. 

(O Operate the induction generator at constant voltage and frequency. 
Load the d-c. end of the converter and determine the following curves: 

(a) Power factor of induction generator plotted against power output. 

(h) Slip of induction generator plotted against power output. 

Explain resulte. 

66. Connect a rotary phase advancer to the rotor of a polyphase induction 
motor. Operate the induction motor at rated voltage and frequency. For a 
constant mechanical load on the induction motor obtain a curve lowing the 
relation between the power factor of the induction motor and the speed of the 
phase advancer. 

Explain in detail the results obtained. 

67. (A) Load one phase of a polyphase alternator. Adjust the voltage 
across the load to the rated terminal voltage of the alternator. Measure the 
voltages across all phases of the alternator and the line current. 
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(B) Ox>eTate a synohronous motor at no-load and in paiBllel with, the load 
in (A). Adjust the excitation of the synchronous motor so as to obtain 
approximately unity power factor on the motor. With the same alternator 
field current and speed as in (A), measure the termioal voltages aoross all 
phases and the line currents. 

Compare the voltages and currents obtained in (A) and (B). 

Explain the balancing action pf polyphase motors. 

08. Obtain the charaoteristio curves for the following machines: 

(a) Constant-current transformer. 

(t) Sin^phase repulsion motor. 

(c) Sing^phase series motor. 

(cQ Sing^phase compensated induction motor. 

(a) Synchronous-induction motor. 

if) ^unt polyphase commutator motor. 

69. (A) Compare the indication of a commercial induction watthour 
meter with the indication of a rotating standard watthour meter for the 
foUowing loads: 

(a) Zero to 160 per cent non-reactive load. 

(&) Zero to 160 per cent hi^y inductive load. (A power factor meter 
should be used in this test to assist in keeping power factor of 
the load constant.) 

Plot the errors observed in (a) and (5) in terms of the volt-ampera load. 

(B) Note the effect on the indication of the watthour meter when the 
following adjustments are changed: 

(a) Friction adjustment. 

(b) Drag magnet adjustment. 

(c) Lag adjustment. 

'F.’gplii.m results. 

(In part (B) it is usually desirable to use a different meter than in part (A)). 

00. Adjust an over-load induction type relay so that it operates as follows: 

(a) Contacts dose in-seconds with-amperes flowing through the 

relay winding. 

(b) Contacts dose m -seconds with-amperes flowing. 

In part (b) obtain a curve showing the relation between the current and 
the tiTT^A of dosing. 

(A cycle counter should be used in making the adjustments required in 
this problem.) 

61 . By TnQfl.nH of an oscillograph obtain oscillograinB of the following 
transients: 

(a) Growth of current in an inductive diouit wheu the circuit is connected 
to a source of d-o. power. 

(b) Decay of current in an inductive circuit. 

(c) Current in a oondensive circuit when the drouit is connected to a source 
of d-o. power. 

(cQ The exciting current of a power transformer at the instant wheu it is 
connected to a source of a-o. power. 
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(e) The prinooiy and the secondary ourrents in a loosely ooupled oiromt 

in which the secondary winding is connected across a condenser and the 
primary winding across the terminalfl of a charged condenser. ( 

(f) Gurrent in a tungsten lamp when it ia connected to a source of dro. 
power. 

(g) Cuizent in a cadxm lamp vdien it is connected to at souroa of d-o. 
power. 

E^lain your leBuItB. 

/ -r 
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Additive polarity, 73 
Admittanoe, equiviJent, 10 
operator, 15 

Altemating-ourrentr average value^ 2 
ynaxiTmim value, 2 
r.in.B. value, 2 

Altematizig-curreat oirouit theory, 1 
Alternator, armature winding, 98 
oon e.m.f., 06 
coil group e.mi., 09 
effioienoy, 114 
excitation e.mi.^ 101 
fidd form, 02 
hunting, 128 
paralleL operation, 119 
phase 6.m.f., 100 
phase terminal voltage^ 101 
rating, 116 
regulation, 108 
regulators, 113 
eynohronouB impedance, 107 
Eynchronous reactance, 107 
vector diagram, 102 
Alteroators, high-speed, 90 
inductor, 93 
revolving armature, 88 
revolving field, 89 
dow-speed, 89 

A.LRE. method for determining reg¬ 
ulation, altemator, 108 
tranafonner, 61 
AnalysiB, wave, 24 
Approximately equivalent circuit, 
polyphase motor, 193 
ain^e-phase motor, 232 
* transformer, 60 

Armature reaction, alternator, 102 
^chronous converter, 163 


Arzaatuie wondiagr altesaator,. 98 
synchronouB convertBF„ 167 
Arrangement of mderate atest,. 249 
Auto-tranaformer, 79 

Balancer, phase, 913 
Batteory chargei„ 17& 

Booster convertei^lSOr 
Breakdown torque^ 180 
Budiings, transformar, 36' 

Capacity, voltage drop aeioiH^,6 
Circle diagram induction giWLerator, 
214 

induction, motor, 198 
ooBStructLon, 197 
tests, 196 

syndhronouB motor, 146 
CoilB, field, 90 
shading, 236 
transformer,, 34 

Commutator type e£ motor, 249 
Comparison of auto- and two-cuemt 
. transBonnar,, 180> ‘ 
Compensating winding senes motor, 
241 

Compensation, x)ower factor of a 
repulfflnn motor, 237 
Compensator, starting 81 
Comxxment fieldsy alternator, 10& 
repulsion motor, 236 
Campounding curves, 141 
ConoateDation, induction motors, 204 
Condenser, static, 6 
syndhronouBr 160 
Conductance, core-loss, 37 
equivalent, 10 
Connections, delta, 19 
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Conneotions, open-cldta, 75 
six-phasei 165 
T, 76 
" Y, 18 

Conatant-ourroat tranafonner, 82 
Conatruction of transformer, 32 
Control, apeed of an induction motor, 
203 

voltage at the end of a tranamiaaion 
line, 151 

Converter, armature winding, 157 
booater, 166 
current ratio, 160 
phase, 215 
eplilrpole, 165 
^ynchronoua, 155 
voltagB control, 164 
voltage ratio, 159 
Cooling, generator, 04 
tranaformer, 41 
Core, transformer, 36 
Core-loBS conductance, 53 
measurement, 64 
Crest factor, 2 

Current components in a coil of a syn¬ 
chronous converter, 161 
Cuirenl^ due to secondary load on a 
transformer, 51 
exciting, 52, 54 
starting, 202 

wave shape, in armature ooi], 161 
Current-limiting reactor. 111 
Current-transformer, 83 
Curves, compounding, 141 
saturation, 110 
speed-torque, 180 
V, 141 

zero power factor, 110 

Damping winding, 148 
Diametrical cozmection, 166 
Distribution factor, 100 
Double-delta connection, 167 
Double-range speed-regidating equip¬ 
ment for induction motors 211 

Eddy-current loss, 38 
Effective resistance, 50 


Effective lesistanoe, measurement, 
62 

Efficiency, 114 

Eleotrodynamometer wattmeter, 250 
Electromotive force, excitation, 101 
in armature coil, 06 
in armature phase, 100 
in rotor of induction motor, 181 
in transformer coil, 48 
End-turn insulation, 35 
Engine-driven alternator, 90 
Equivalent, admittance, 10 
Equivalent conductance, 10 
Equivalent impedance, 0 
Equivalent reactance, 0 
Equivalent resistance, 9 
Equivalent susceptance, 10 
Equivalent Y- and A-oonnected cir¬ 
cuits, 20 

Error made in assuming exciting ou> 
rent a sine-wave, 52 
Exactly equivalent circuit, induction 
motor, 187 
transformer, 58 

Excitation e.m.f., fdtemator, 101 
synchronous motor, 138 
Exciting ouirent, mathematioal ex¬ 
pression, 53 
measurement, 64 
wave shap^ 55 

Flux, leakage, 49 
mutual, 40 
speed, 237 
Fourier’s series, 23 
Fractional pitch winding, 08 
Frequency changer, 218 
Frequency, definition, 1 
Frequency meter, induction, 254 
vibrating reed, 255 

Generator, altemating-ourrent^ 88 
induction, 213 

Generators, parallel operation, 110 

Harmonic azudysia, 24 
HarmoziioB, elizzuziation, 08 
Heating, conductor, 162 
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Huntingi alternator, 128 
synoihronoua motor, 149 
HysteresiB loss, 39 , 

Hysteresia, starting torque, 147 

Impedance, equivalent, 9 
leakage, 62 
operator, 15 
synchronous, 107 
Impedance test, alternator, 108 
induction motor, 196 
transformer, 62 

induced e.m.f., phase, of an alter¬ 
nator, 100 

transformer winding, 48 
Inductance, voltage drop across, 5 
Induction ammeter, 251 
Induction generator, circle diagram, 
214 

efficiency, 215 
slip, 216 

Induction motor, maximum torque, 

189 

polyphase, 177 

predetermination of i)erfonnance, 

190 

rotor e.mi., 181 
rotor frequency, 182 
rotor power factor, 184 
rotor reactance, 182 
rotor resistance, 182 
rotor slip, 181 
running torque, 188 
sin^phase, 221 
slip for maximum torque, 188 
starting torque, 189 
Induction motor theory, polyphase, 
181 

8in|d0~pluifie, 221 
Induction regulator, 81 
Induction watthour meter, 253 
Induction wattmeter, 252 
Induction-type frequency changer, 
220 

Induction-type frequency meter, 254 
Inductor alternator, 93 
Inductor heating, synchronous con¬ 
verter, 162 


Insulation, end-turn, 39 
transformer, 33 
Inverse currents, 244 

J operator, 14 

Kenotron, 175 

Laboratory problems, 257 
' Leakage flux, alternator, 102 
transformer, 49 

Leakage impedance, measurement, 62 
Load-loss test, 62 
Losses, eddy-current, 38 
hysteresis, 39 
stiay-load, 115 

Machineiy laboratory problems, 257 
Magnetic field, revolving, 179 
Magnetising current, induction gen¬ 
erator, 214 
transformer, 63 

Magnetomotive force, revolving, 179 
Magnetomotive forces in an induo- 
tion generator, 213 
Measuring instruments, 249 
Mercury-vapor rectifier, 173 
Motor power, 139 
Motors, polyphase induction, 177 
sin^e-phase induction, 221 
repulsion, 235 
repulsion induction, 237 
series, 240 
synchronous, 136 
Mutual fiux, induction motor, 183 
transformer, 49 

No-load current, induction motor, 186 
transformer, 52 
No-load saturation curve, 110 
Non-sinusoidal voltage, r.m.B. value, 
24 

Oil, transformer, 43 
Os^ograph, 23 

Output, converter compared with 
• d-c. generator. 163 
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FaiB]]^ droailV solution,. 7 
Parallel operation, alternators^ 119 
transformer^ 69 
Paralld-BerieB circuit solution, 12 
Period, alternatuig-currspat, 1 
oscQlation of rotor, 132 
Phase advancer, 207 
Phase balancer, 248 
Phase converter, 216 
Phase meter; 12& 

Phase transfonnation, 165 
Pitch, coil, 98 
Pbliffitr} acfifithre;. 73 
subtractive 73 
Polarity test, 72 
Pole-face winding, 148 
Polyphase, armature winding; 94 
Potential transformer, 83 
PewBS fiaetoF compewBation, of & re- 
pulsioii motoi^ 237 
PeanBev fimtor cagpeotian of ^ induc¬ 
tion motor, 209 
static condenser, 149 
^ynsifamsBLcnzB oonde iii ser; 149 
Piwer ixEeAscuemecit, m^phase, 21 
.three-phase (two^wottmeter), 21 
Problems, laboraitoiy, 267 
« 

Bating, alternator, 116 
sim^e^haas' qo mpa red with three- 
ph8aB,.9a ' 

Reactance, equivalent, 9 
leakage, 6(1 
synchronouB, 107 
Reaction, arznatui^ 1(^ 

Reaetoiv sipginihlinat^ 111 
Rectification of slteiimtiiig-euirent, 
156 

KsguHatBon; Xr E. E. method, alteiv 
nator, 108 
traBsfermsr,, 61 
RogiiJatar induntiaii^ 81 
Turin, 112 
R^ulsion motor, 235 
Resistanoe, effective, 5G 
equivalent, 9 
4ft 

Revolving fields 179 


E. M. S. value, of a current, 2 
of a non-muBoidsl voltage, 24 
Rotor e.m.f., 181 
frequency, 182 
power factor, 184 
reaction field, 183 
resistance for maximum torque at 
starting, 189 
slip, 181 

squiiiel-cage, 178 
wound, 179 

Selection of meters for a test, 249 
Series circuit solution, 6 
Series motor, 240 
Series-parallel circuit solution, 12 
Shading coil, 235 

Short-cirouit test on transformer, 
62 ' 

Shunt motor operated on arO., 239 
Sin^e-phase induction motor, 221 
Single-phase power, 11 
Slip, induction motor, 181 
TniLYiTnnm torque, 189 
Slot pitch, 99 

Speed control of an induction motor, 
203 

Speed-torque curve of an induction 
motor, 189 
Stability, 132 
Starting, alternator, 119 
induction motor, 202 
synchronous converter, 168 
synchronous motor, 148 
Starting-compensator,, 81 
Subtractive polarity, 73 
SusG^rtanoe,, equivalent, 10 
magnetizing, 53 
Symbolio notation, 13 
E^chronizing, 119 
current, 127 
power, 132 
torque, 131 

Synchronous condenser, 150 
Synchronous eonverter, 155 
current ratio; 160 
methods of starting; 168 
voltage ratio, 169 
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SynGhxonouB iznpedanoei 107 
meaflurement, 108 
Synchjonoufi motor, analysiB, 142 
circle diagram, 146 
compounding curve, 141 
excitation e.m.f., 138 
himting, 149 
motor jx>wer, 189 
power factor, 139 
power factor coneotion, 149 
principle of operation, 136 
starting torque, 140 
V-ourves, 141 

Synchronous-induction motor, 217 
SyndhronouB reactance, 107 
SyncihronouB-syndironous frequency 
changer, 218 
Synchroscope, 120 

T-cozmection, 70 

Temperature correction of constants, 
63 

Tests, circle diagram, 196 
load-loss, 62 
no-load, 64 
polarity, 72 

synchronous impedance, 108 
turn ratio, 66 
Theory, alternator, 96 
induction generator, 213 
phase advancer, 207 
phase balancer, 243 
phase converter, 210 
repulsion motor, 235 
single-phase induction motor, 221 
synchronous converter, 157 
synchronous motor, 138 
three-phase induction motor, 181 
transformer, 45 
wave-analysis, 24 

Three-phase circuit, current and volt¬ 
age relations, 18 
power, 19 

Three-phase transformer, 77 
Tirrill regulator, 113 
Torque, induction motor, 188 

iYip.TiTnnTn j 189 

starting, 189 


Torque, ^ynehronimug, 127 

Torque-speed curve of an induotian 
motor, 189 

Transformer, auto, 79 
bushings, 36 
constant current, 82 
construction, 32 
cobling, 41 
coreB, 06 
ejQ^dency, 61 
equivalent drcuil^ 56 
instrument, 88 
insulation, 33 
oil, 43 

parcdld operation, *69 
regulation, 61 
theory, 46 
three-phase, 77 
vector diagram, 56 

Transformer connections, open delta, 
76 

six-phase, 165 
T,76 

three-phase to three-phase, 73 
V, 76 

Transformer polarity, 73 
test, 72 

Transformer voltage, current, and 
flux relations, full-load, 52 
no-load, 50 

Transmission line voltage control 
with a synchronous conden¬ 
ser, 151 

Turn ratio test, 66 

Two-wattmeter method for measur¬ 
ing power, 21 

V-oonneotion, 76 

Vector diagram, alternator, 102 
delta oonneotiop, 19 
induction generator, 214 
induction motor, 187 
open-delta connection, 75 
parallel operation of alternators, 
124 

phase advancer, 208 
phase balancer, 247 
repulsion motor, 237 
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Vector diagram, series motor, 242 
aix-phaae oozmeotion, 166 
syndhionouB motor, 139 
T-ooimeotion, 76 
transformer, 66 

two-wattmeter method for measiuv 
ing power, 21 

Wmtei>££(dibert-ljatour motor, 239 
Y-oozmeotion, 18 

Voltage control of a tranazmasion line, 
161 

Voltage induced, alternator, 100 
transformer, 48 

Voltage regulation, idtemator, 108 
tranafonner, 61 


Watthour meter, induction, 263 

Wattmeter, induction, 262 

Wave azzalyms, 24 

Wave shape, current in a converter 
arznature, 161 

exciting current of a trazififonner, 
55 

Winding, armature, 94 
field, 92 
transformer, 33 

Winter-Eichberg-Latour compezisa- 
taon induction motor, vector 
diagram, 239 

T-oonnection, 18 
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